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GE Healthcare illustra” 


Get attached to illustra 
for faster nucleic acid 
sample prep. 


New illustra™ nucleic acid sample prep kits from GE Healthcare give you optimal 
yield and purity. What's more, they do this in as litle as half the time it takes 
the best competing products. Whether you're purifying nucleic acids in plasmid, 
blood, tissue, cells or bacteria, you'll find that superior results and outstanding 
feproducibility come easily with illustra mini and midi kits 


With more than 20 years’ experience in nuclei research, we're bringing 
science to life and helping transform healthcare: We call t Life Science Re-imagined 
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Speed is crucial to the sundew plant's success. 
It reacts rapidly, bending its tentacles to bind its prey. 
‘Some species can do this in just tenths of a second. 
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SCIENCE EXPRESS 


‘APPLIED PHYSICS 
Wireless Power Transfer via Strongly Coupled Magnetic Resonances 
A Kurs et al. 


The magnetic resonance between two induction coils can be used to power a 
remote device through space over a distance of 2 meters. 
10.1126/science. 1143254 


CELL BIOLOGY 

Parallels Between Cytokinesis and Retroviral Budding— 

ARole for the ESCRT Machinery 

J.G. Carlton and J. Martin-Serrano 

‘Ctokinesis, the process by which daughter cli are physically separated during cell 

division, uses the same machinery as viruses like HIV use to bud from infected cell 
10,1126/science. 1143422 
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NEUROSCIENCE 

Dentate Gyrus NMDA Receptors Mediate Rapid Pattern Separation 

in the Hippocampal Network 

T. J. McHugh et al 

Rats are able to distinguish a new environment from a similar one because of 

distinct patterns of synaptic strengthening inthe dentate gyrus. 
10.1126/science.1140263, 


ASTROPHYSICS 
Rapid Formation of Supermassive Black Hole Binaries in 
Galaxy Mergers with Gas 
L. Mayer etal. 
‘Simulations demonstrate that drag bythe surrounding gas. rather than by 
nearby star, stows galactic lack hole pairs enough fr them to coalesce 
within 1 milion yeas 
10.1126/science,1141858, 
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ECOLOGY 
Comment on “From Plant Traits to Plant 
Communities: A Statistical Mechanistic Approach 
to Biodiversity” 

SH. Roxburgh and K. Mokany 


Comment on “From Plant Traits to Plant Communities: 
‘A Statistical Mechanistic Approach to Biodiversity” 
C.0, Marks and H. C, Muller-Landau 


Response to Comments on “From Plant Traits to Plant 
Communities: A Statistical Mechanistic Approach 

to Biodiversity” 

B. Shipley, D. Vile, €. Garnier 
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PHYSICS 
Imaging Atomic Structure and Dynamics with 
Ultrafast X-ray Scattering 

KJ. Gaffney and H. N. Chapman 
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ECOLOGY 
Expansion of Industrial Logging in Central Africa 
N.T. Loporte et a 

Satellite images from 1973 to 2003 document the expansion 
‘of Logging in tropical African forests and show that logging 
road construction i accelerating 


RESEARCH ARTICLES 


EVOLUTION 
Evolution and Development of Inflorescence 
Architectures 

P. Prusinkiewicz etal 

‘Acombination of madeling and experiments explains why certain 
types of flower clusters are likely tobe found in nature while others 
are absent 
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CUMATE CHANGE 
‘Marine Radiocarbon Evidence for the Mechanism 
‘of Deglacial Atmospheric CO, Ri 
TM. Marchitto et al 

Carbon-14 dates from a sediment core imply that Pacific deep waters 
stored CO, during glacial times and then vented it as deglaciation 
started, accelerating the temperature rie 
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APPLIED PHYSICS 
‘Monochromatic Electron Photoemission from 
Diamondoid Monolayers 

W.L Yong etal. 

Sell-assembled layers of iamondoids, clusters of nanodiamonds 
with exposed hydrogens, efficiently emit electrons at one particular 
energy. 
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Discovery of Autoantibody Biomarkers 


for Cancer and Autoimmune Disease 


Autoantibodies have been documented to be 
valuable biomarkers ina range of cancers, in 
Addition to autoimmune diseases. A number of 
discovery platforms are available for the identifi 
cation of disease-specific autoantibodies. Protein 
‘microarrays provide a rapid and sensitive platform 
for the screening of autoantibodies in easily 
accessible biological fluids including sera, 
plasma, and urine. 
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panel of experts in a LIVE 


online seminar on June 20, 2007 
Brought to you by the Science Business Office 


You will meet with a panel of experts to: 
> Learn about the promise of autoantibodies as 
biomarkers for cancer and autoimmune disease. 


> Obtain insight into how to advance your biomarker 
discovery research using proteomics approaches. 


» Hear about the successful application of protein 
arrays to biomarker discovery in ovarian cancer. 


Have your questions answered by the experts 
live and in realtime. 


Register now! 
For more information and 
complimentary registration online visit 


www.sciencemag.org/webinar 
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Webinar sponsored by Invitrogen 
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REPORTS CONTINUED. 


CHEMISTRY 
Coherence Dynamics in Photosynthesis: Protein 1462 
Protection of Excitonic Coherence 
A, Lee, ¥-C. Cheng, G. R. Fleming 
Spectroscopy reveals that two electronically excited domains 
{na bacterial photosynthetic reaction center are kept in phase 
by the protein to promote efficient energy transte. 
>> Perspective p. 1438 
CHEMISTRY 
Stepwise Quenching of Exciton Fluorescence in 1465 
Carbon Nanotubes by Single-Molecule Reactions 
L. Cognet et al. 
Electron-hote pairs diffuse across semiconducting carbon 
nanotubes, visiting thousands of sites before they are 
quenched in a ight-producing reaction, 
GEOPHYSICS 
Seismic Evidence for Deep-Water Transportation 1468 
in the Mantle 
1H. Kawakatsu and S, Watada 
Seismic images show how wate lows onthe surface ofa 
stibductng slab into the deep mantle beneath northeastern 
Japan. 
GeoPHYsics 
Global Prevalence of Double Benioff Zones 1472 
MR. Brudzinsk etal. 
Inall 25 of farth’s subduction zones—not ust afew, 35. 
‘reviously thought—earthquakes occu in two parallel 
‘regions, on top of the descending plate and within 
439 
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PLANT SCIENCE 
‘AMeta-Analysis of Effects of Bt Cotton and Maize 1475 
‘on Nontarget Invertebrates 

‘M. Marvier, C. McCreedy, J. Regete, . Kareiva 
‘Ameta-analysis of 41 studies shows that fields of cotton 

‘0Fcorn containing a transgenic insecticide harbor lower 

‘populations of certain invertebrates compared to untreated fields. 
EVOLUTION 

‘An Ancient Mechanism Controls the Development 1477 
‘of Cells with a Rooting Function in Land Plants 

B. Menand et al. 

‘transcription factor that control formation of hair-like organs 
{nhaploid mosses was co-opted to form a nonhomologous 

but funcional similar organ in diploid land plans. 
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MEDICINE 
Polony Multiplex Analysis of Gene Expression 1481 
(PMAGE) in Mouse Hypertrophic Cardiomyopathy 

1B. Kimetal. 

Covering beads with multiple copes ofa sequence tag allows 

precise measurement of RNA expression and can detect 

a litle as one molecule of messenger RNAS in three cells, 
GENETICS 

RNA Maps Reveal New RNA Classes and a Possible 1484 
Function for Pervasive Transcription 

P. Kapranov etal. 

‘Analysis of all the RNA transcribed from the human genome 

reveals tree mew classes of RNA that may be functionally 

‘important. 

GENETICS 

‘ACommon Allele on Chromosome 9 Associated 1488 
with Coronary Heart Disease 

McPherson et al. 

‘ACommon Variant on Chromosome 9p21 Affects 1491 
the Risk of Myocardial Infarction 

‘A. Helgadottir etal. 

‘Roout one of every four Caucasians cary a sequence 

‘aration at a regulatory region of chromosome 9 that coners 

an elevates rskof heart disease, 

IMMUNOLOGY 

Attenuation of Allergic Contact Dermatitis Through 1494 
the Endocannabinoid System 

M. Karsok etal. 

‘Endogenous cannabinoids released from neurons usualy 

Inhibit allergic skin responses; in mice inwhich they are absent, 
allergic reactions are exacerbated, 

MOLECULAR BIOLOGY 

Genome-Wide Mapping of in Vivo Protein-DNA 1497 
‘System Interactions 

D. 5. Johnson, A. Mortazavi, R.M. Myers, B. Wold 

‘Chromatin immunoprecipitation and high-throughput 

‘sequencing identity the nearty 2000 specific ONA binding sites 

{ora neuronal transcription factor. 
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INNOVATION @ WORK 


Elevate! 


Elevate your understanding of the Epigenome with 
Sigma’s Imprint™ DNA Modification Kit. 


Sigma offers a complete solution for DNA methylation analysis with the Imprint 
DNA Modification Kit. This product contains all of the reagents necessary for 
complete bisulfite conversion and subsequent purification of DNA samples. 


™ Fastest Kit Available - procedure takes less than 2 hours to complete 
a5 compared to overnight methods 


= Unparalleled Sensitivity - only 50 pg or 20 cells required for modification 
= Complete Conversion - greater than 99% conversion of unmethylated cytosines 


™@ Robust - more than 50% DNA recovery through treatment and purification 


For more information, please visit sigma.com/mod50 


sigma.com eee eee neeriomana SIGMA 


Circadian biology. 


SCIENCE'SSTKE 


wwwsthe.org 


PERSPECTIVE: In SYNC—The Ins and Outs of Circadian 
Oscillations in Calcium 

T.Imoieumi, J. Schroeder, S.A. Kay 

{slow oscilation in cytoplasmic calcium may function in circadian 
signating 

PERSPECTIVE: L-33—A Sheep in Wolf's Clothing? 

IM. Gadina and C. A, Jefferies 

1L-33 joins the exclusive group of ytokines with nuclear aswell as 
‘eceptor-mediated functions. 

FORUM: Zine Signals 2007 

E.M.Adler 

Read the reports ofthis meeting devoted to zinc signaling 


‘Communication by vibration. 


SCIENCENOW 


Flu-Fighting Fetuses 

Babies have complex immune systems, even before they are born. 
Rumble, Rumble. Who's There? 

Elephants can distinguish fiend from stranger by paying attention to 
‘round vibrations. 

Through a Lens, Darkly 

Astronomers weigh some dark matter in the fringe ofthe Milky Way. 


Business requires a variety of skills. 


SCIENCE CAREERS 


UK: Hidden Talents, Hungry Markets— 
Ph.D.s Have Many Skills to Offer Industry 
K Zola 


‘You wil need a numberof business-related skills to land a job 


outside academia 


US: Opportunities—Postdoc to IPO, One Young Scientist's 


Entrepreneurial Journey 
P Fiske 


‘Asa postdoc, Avi Speer had a great idea that he took all the way 


{oan intial public offering 


US: Living the Issue 
B. Benderly 


‘Afamily health crisis led lab scientist Adil Shamoo to anew passion 


‘and a new career in bioethics. 


NETHERLANDS: From the Archives— 
So It’s a Small World, So What? 

. van Viooten 

How can the six degrees of separation help you find a job 
‘+ funding? 


Separote individual or institutional subscriptions to these products may be required for full-text acess. 
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X-ray Visions 
The success of x-ray diffraction for determining 
atomic structures has inspired further efforts to 
extend is use to material that are less crys 
talline in nature and to determine structural. 
changes on the time scales characteristic of 
changes in electronic structure and bonding, 
Gaffney and Chapman (p. 1444) discuss a new 
generation of x-ray facilities whose incident 
beams start out as electron bunches from a tin 
ear accelerator and are then converted to coher- 
ent pulses of x-rays. The pulsed nature of the 
ray beam allows characterization of ultra: 
fast dynamics, and the beam’s coherence will 
allow imaging of noncrystalline materials. 
with atomic resolution. 


Harvesting Light 
Coherently 


Photosynthesis relies on the remarkable effi 
ciency of energy transfer among the complex 
protein domains that absorb suntight and 
channel energy into chemical reactions. Lee 
et al. (p. 1462; see the Perspective by Parson) 
Used a two-color photon echo spectroscopic 
technique to explore the early dynamics of 
energy transfer between two components of the 
photosynthetic reaction center from purple bac: 
teria. Upon photoexcitation, a bacteriophytin 
and accessory bacteriochtorophyll stay coher: 
ently in phase within each protein for signifi- 
cantly longer times than do the individual com- 
ponents across the ensemble, Modeling of the 
data implicates vibrational coupling through 
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<< Electron Emits with Ease 


Negative electron affinity materials readily emit elec- 
trons, which make them potentially useful in field- 
emission displays and electron microscopes. Bulk di 
mond is known to be one such material, but issues with 
emission uniformity and electronic transport have led to 
a search for other candidates, Diamondoids (C,, and 
higher polymantanes) are molecules that have been 
extracted from petroleum, which contain 4 to 11 dia 
mond-crystal cages terminated by hydrogen atoms. A 
photoemission study by Yang et al. (p. 1460) of function- 
alized self-assembled monolayers of diamondoids shows 
that they are also negative electron affinity materials and 
can provide a nearly monochromatic source of photo- 
emitted electrons. 


the protein structure in maintaining this coher: 
ent state and thereby facilitating efficient 
energy migration, 


Stepwise Quenching 
‘When excited by visible light, semiconducting 
single-walled carbon nanotubes (SWNTS) gener 
ate highly mobile excitons, and processes 
that annihilate these excitons ead to 
characteristic fluorescence inthe neat 
infrared. Chemical reactions at the 
sidewalls ofthe nanotube, such as 
protonation, can quench this 
photoluminescence. Cognet et al. 
{p. 1465) have used the quenching 
process to follow side-wall reactions 
bby placing SWNT in agarose gels, 
and diffusing in eversibe reac 
tants (acids or bases) or irreversible 
reagents (diazonium salts). Step- 
wise changes in luminescence co 
respond to quenching of excitons at 
localized sidewall sites. An analysis, 
of these stepwise changes reveals 
that he excitons move ina difusional manner 
and explore ~10,000 sites during their lifetimes. 


Earthquakes Zones 
in Parallel 


Benioff zones are strips of descending plates in 
subduction zones that host earthquakes. Some 
ateas are known to host double Benioff zones 

(parallel strips where earthquakes occur), but it 


thas been thought that most ofthese zones occur 
as single swaths. Brudzinski et al, (p. 1472; see 
the Perspective by Rietbrock) analyzed databases 
of earthquakes and located earthquakes within 
the descending slabs of lithosphere, Two parallel 
seismic stripes, rather than a single broad zone, 
were found in most cases. The widespread occur 
rence of double Benioff zones sets limits on the 
formation mechanisms of earthquakes, 


From Variety to Variation 
Flowers and groupings of flowers (inflorescences) 
come in an astonishing variety of shapes and 
sizes; however, theoretically many more possibili- 
ties could have evolved. To explain why the bio- 
logical forms we see in nature represent such a 
‘small part of theoretical possibilities, 
Prusinkiewicz et al. (p. 1452, published online 
24 May; see the cover) combine genetic and theo- 
retical studies on inflorescence architecture. By 
showing how interactions between development 
and selection operate within higher-dimensional 
fitness spaces, the authors reveal likely routes and 
constraints on the evolution of biological forms. 
Furthermore, the study tests this model by exam- 
ining the expression of two genes that influence 
architecture in the model plant, Arabidopsis. 


Transcriptional 


Profiling of Tissue 

The progression of a tissue from a healthy toa 

diseased state is typically accompanied by 
Continued on poge 1391 
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Progressive RNAi-based screening & profiling solutions with 
RNAi Discovery and Therapeutics Services. 


The Thermo Scientific brand of products now includes 


complete RNAi-based screening solutions to accelerate ane 
drug discovery and therapeutic development by combining 


advanced Thermo Scientific Dharmacon RNAi reagents, 


assay technology and lab automation. Services can range 


from a single screen to multi-component program projects 


that support critical drug discovery activities, 


Target identification 


© Target validation 

Access to unmatched RNAi expertise, advanced 
reagents and bioinformatics tools enables the rapid 
evolution of hits to drug target leads, 


* Drug rescue, repositioning, and patent extension 


* Biomarker discovery 
© RNAi therapeutic technology development 


* RNAi screening consultation and training 


visit www.thermo.com/dharmacon or call 800-235-9880 
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This Week in Science 


Continued from page 1389 


changes in the expression of hundreds to thousands of genes. A number of existing methods allow 
these transcriptional changes to be monitored, each method with its own strengths and weak 
nesses. Kim et al. (p. 1481) describe polony multiplex analysis of gene expression, or PMAGE, that 
allows for more precise quantification of transcripts and detection of lon-abundance transcripts. 
Application of PMAGE to a mouse modet of hypertrophic cardiomyopathy revealed changes in the 
expression of many low-abundance transcripts even before the appearance of pathological changes 
in the heart 


The Root of the Problem 


‘Mosses exhibit a relatively primitive life-style with only a haploid 
gametophyte phase, compared with flowering plants, which have 
two distinct phases in their life cycle—a brief haploid gameto: 
phyte phase employed during reproduction, and the diploid 
sporophiyte phase, which makes up the physical bulk of the plant 

Menand et al. (p. 1477) analyzed angiosperm root hairs and their 
‘moss counterparts, rhizoids. Root hairs in the diploid angiosperm 
plants bury themselves in the soil and absorb nutrients. Inthe haploid 
‘mosses, thizoids or caulonema perform a similar nutrient absorption and 
anchoring function, but are not related to root hairs atthe cellular level. However, it now seems that 
related transcription factors direct the development of both cell types, indicating a closer relation 
ship than previously assumed. 


Importance of Non-Gene Transcription 

‘Much larger proportions of many eukaryotic genomes are transcribed into RNA than can be accounted 
for by their protein coding potential. The function of this “non-gene™ transcription is unclear. 
Kapranov et al. (p. 1484, published online 17 May) analyzed both long and short unannotated 
RNAs in human cells and found that a significant fraction of the longer transcripts may serve as 
precursors forthe shorter RNAS. The short RNAS tend to cluster at the 5' and 3° ends of genes, and 
their numbers are often correlated with the expression of the underlying gene. Many of the 5’ RNAs 
are found in conserved regions, suggesting that they may play important roles in gene or genome 
related functions 


Probing the Genetics of 
Heart Disease 


Certain life-style factors, such as smoking, greatly increase the risk of developing heart disease, 
but genetic factors also contribute. In independent studies, McPherson et al. (p, 1488, published 
online 3 May) and Helgadottir et al. (p. 1491, published online 3 May) used genome-wide associa 
tion scanning to identify DNA sequence variants at chromosome 9p21 that increase the risk of 
heart disease in Caucasian populations. The 20 to 25% of Caucasians with two copies of the 
So-called “riskallete” had a 30 to 40% higher risk of heart disease compared with individuals with 
‘no copies ofthis allele, The genomic region of interest falls outside the boundaries of annotated 
protein-coding genes, so the mechanism by which it influences heart disease remains mysterious 
Intriguingly, DNA sequence variants within the same general region of chromosome 9p21 have 
recently been shown to increase the risk of type 2 diabetes. 


Allergy-Blocking Transmitters 

The endocannabinoid system pesforms various regulatory functions and has been implicated ina 
growing number of physiological roles, both inthe central and peripheral nervous systems and in 
peripheral organs. Karsak eta (p. 1494) now find that this influence extends to regulation of aller 
gic response. Mice lacking the two known cannabinoid receptors showed a strong tendency toward 
developing cutaneous contact sensitivity in response to distinct allergens. Blocking the receptors with 
antagonists hada similar effec, while absence of the gene encoding an enzyme responsible for 
breaking down cannabinoids increased resistance of mice to contact sensitivity. The regulation of the 
endocannabinoids or their receptors might be useful in treating allergies, although their role in the 
wider context of human allergy needs to be explored. 
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EDITORIAL 


New Cooperation in East Asia 


THIS YEAR MARKS A NEW ERA FOR SHARED SCIENTIFIC PURSUITS AMONG CHINA, JAPAN, 
and Korea. The three nations have embarked on a new cooperative venture to support and 
manage science and technology. Preliminary meetings of agency officials and nongovernmental 
‘associations over the past several years culminated in a ministerial meeting earlier this year that 
resulted in a joint statement.* The consensus is an epoch-making event for these countrie 
iziven that although each continues to reach out to assume a larger role in world affairs, the 
three have tended to bump up against one another over such matters as ownership and control 
‘of natural resources, immigration, and commerce. 

Nations have long used collaboration in science to advance knowledge and enhance diplomatic 
relationships. As neighbors in East Asia, these three ancient nations share many aspects of history 
‘and culture, In recent decades, China, Japan, and Korea have enjoyed 
remarkable economic and social progress, although they were in pro- 
foundly different economic, political, and diplomatic circumstances 
when they began their rise t new prominence. Today, the three coun- 
tries face a host of common challenges in health, ecological, and 
‘energy-related matters, The trilateral statement was fonged to specify 
cooperative efforts across broad range of disciplines, in appreaches 
that anticipate both fundamental and problem-driven research. The 
\work will affect the interface of modern and traditional medicine, 
‘energy technology (including the peaceful use of nuclear energy), 
and disaster prevention and mitigation (to limit environmental 
deterioration). Of particular interest is the planned Trilateral Bioinformatics Network, which 
\ill facilitate communication among scientists working in life sciences. Moreover, the tripartite 
statement is not limited to cooperation in R&D programs. The three countries have agreed to 
‘cooperate in following international standards for protecting intellectual property and to explore 
ways of enhancing scientific integrity. 

This is all good news, particularly considering that each country is also currently undergoing 
dramatic change, expansion, and reform in its scientific and technological institutions. China anal 
Korea are building new universities. Japan has extensively introchiced competitive processes for 
research evaluation. Corporate investments are expanding in all three countries. Thus, although 
‘each nation is developing an independent strategy of its own to bolster science and technology 
there isclear intent to build and support collaboration among their remarkably strong scientific and 
technological activities. That is a welcome development that deserves international recognition, 

A key element of the trilateral statement is a series of planned meetings of leaders of the 
jencies that oversee science and technology policy. planning, and evaluation, The meetings 
are intended to assess progress made at each evaluation point, including the exchange of young 
scientists among the three countries. The joint statement envisions meetings at levels ranging from 
joint workshops for researchers to ministerial meetings in 2009 and 201 1, and expects to hold 
meetings of agency officials in 2008 and 2010. And although it is far too early to expect accom- 
plishments, there are already strong indications of progress. At the annul meeting ofthe American 
Association for the Advancement of Science in February. agency leaders and researchers from 
‘China, Japan, and Korea discussed their latest work on policy isues of common interest, such as 
the mobility of human resourcesand evaluation of research programs. The work of these agencies 
should be of interest in North America, Europe. and elsewhere, because each is engaged in imagi- 
native analyses of national trends in scientific and technological performance and outcomes 

‘The challenge for China, Japan, and Korea will be to sustain the spirit of the joint statement 
through inevitable changes in national leadership and priori well as developments in the 
world political situation, The hope isto transform that new collaborative spirit into meaningful 
advances in science and technology, leading wo real solutions for important shared problems, With 
anew determination to cooperate the East Asian region is strengthening its status as region com 
mitted to making science a driver of global societal and economic development in the 2st centu 

Hiroshi Nagano and Christopher T. Hi 


‘Jon Statement ofthe Fist Tater KoteoJapan-Chna Ministerial Meeting on Science and Technology Cooperation, 
‘Seoul 2 January 2007 (wan.mert.ojpenaisvkagaku7012314 Hn). 
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“The unknown has always fascinated me, 
and research is the best way to satisfy my 


curiosity.” 


How do cells react to changed conditions? Which molecular processes control the regulation mecha- 
nisms? What genetic changes take place? Conver-sely: what is the effect on organisms when their 
genomes are transformed? Answering questions like these creates the foundation for breakthroughs in 
medicine, industry, and agriculture. Finding these answers requires sharp cell images and accurate 
micromanipulation, now unified in a single system. With the Leica AM6000, it is possible to view and 
manipulate cells simultaneously —with absolute reproducibility and minimum effort. 


Prof. Stéphane Viville, Institute of Genetics and Molecular and Cellular Biology, liikirch, France and 


Reproductive Biology Service SIMCUS-CMCO, Functional Unit Preimplantation Diagnostics, CLCa 


Schiltigheim, France 


www.leica-microsystems.com MICROSYSTEMS 


SUNA (purple) resides at 
the ends of chromosomes 
at various stages of syn 
pasis (SYCP3, green; 
SYCP1, red), 


Quantum Dots Heated 
into Harmony 


The cavity quantum electrodynamics framework 
in which an atom in a cavity is coupled to the 
cavity’ optical modes, is being explored as a 
potential building block for quantum informa 
tion processing architectures. However, atom 
mobility within the cavity can hinder contol of 
the process, The use of artificial atoms, or quan: 
tum dots, confined toa high-quality optical cav 
ity is one possible solid-state solution to the 
dynamics issue. Despite being designed to be 
identical, though, the dots can differ slightly 
from one another in size and atomic composi 
tion, thereby giving rise to distinct excitation 
spectra for each dot. This spectral variability is 
expected to cause a problem for communication 
between dots in an ensemble. By heating indi 
vidual quantum dots through the laser excitation 
of a nearby connected heat pad, Faraon et 
show that the spectra of individual dots can be 
tweaked by up to 1.8 nm, thus providing the 
possibilty of tuning the excitation spectra of an 
ensemble of quantum dots. — 1SO 

‘Appl. Phys Lett. 90, 213130 (2007). 


SURFACE SCIENCE 
Long Intervals in the Islands 


Interactions between absorbates on metal sur 
faces are often direct and short-range in nature 
repulsions fr example, can lead to lower cover 


www.sciencemag.org 
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DEVELOPMENT 
Starting at the End 


[As sex cells divide during meiosis, homologous chromosomes pair up, 
form a synaptonemal complex with the aid of the lateral element SYCP3 
and the transverse element SYCP1, and exchange genetic material. 
This recombination takes place before chromosome segregation and 
results in increased genetic diversity. Before pairing, however, the telom- 
eric regions (the ends) of chromosomes can be observed to localize and 
cluster at the nuclear envelope. By generating knockout mice, Ding et al. 
show that the protein SUN1 participates in attaching telomeres to the 
nuclear membrane. When SUN1 is eliminated, telomeres no longer 
adhere to the nuclear envelope, and chromosomes are defective in synap- 
sis and recombination. This results in mice that are infertile because of a 
failure to produce male and female gametes. Hence, telomeric clustering 
is necessary for successful meiosis in mice and is required for proper 
spermatogenesis and oogenesis. — BAP 

Dev. Cll 12, 10.1016) devee.2007.03.038 (2007) 


‘ages than steric packing would predict. Longer 
range interactions can arise indirectly, such as 
through interactions with the surface states of 
the metal, Nanayakkara etal. explored 

these longer-range effects for 
adsorbed Br atoms on the 
close-packed Cu(111) sur 
face. They deposited 
phenyl bromide on the 
surface and heated it 


ated with iron. These elements tend to concen 
trate in base metal sulfides rather than in 
cate-based minerals, Overtime, they then frac 
tionate and particular elements become 
sequestered indifferent types of sulfides, 
<éepending on the ways in which they 
‘melt, In low-sulfur rocks, their distribu 
tions are tess well understood. 

Luguet et ol have analyzed the 
distribution of highly siderophite ele 


to 600K in vacuum. 
Biphenyl molecules 
desorbed and the Br 
atoms had sufficient 
mobility o form istands on 
the surface (shown at righb. 
Scanning tunneting microscopy at 4 K 

‘revealed that the nearest-neighbor island sepa 


rations were half-multiples of the Fermi wave- 
length of this surface. The strong interaction of 
the Br atoms with the surface potential affected 
the island spacing even at distances of more 
than 50 A. — PDS 

Phys. Rex. Lett. 98, 206108 (2007) 


Mantle Melting Mechanisms 


During Earth’s history, heavy metals gradually 
decoupled from silicate rocks and sank toward 
the core, which became differentiated from the 
overlying mantle. Signatures of this process can 
be traced in the distribution of highly siderophile 
elements (Re and the platinum group elements 
Os, Ir, Ru, Pt, and Pa) that are chemically associ 


‘ments in four rock samples from the 
Low sulfur haraburgite lenses in the 
Uherz masif in the French Pyrenees, 
The platinum group elements were 
found to concentrate in rare, micrometer 
sized minerals (sulfides and alloys) inthe 
intergranular spaces. These are thought tobe the 
residues of base metal sulfides that were lost 
from these rocks after a high degree (up to 25%) 
of partial melting. Because oftheir high melting 
temperatures and high Os content, these miner 
als may preserve Os isotope compositions after 
several rounds of mantle melting, possibly 
explaining the patchy Os distribution of the con 
vecting upper mantle, —]B 

Geochim. Cosmochim, Acta 
10.1016/,9¢a.2007.04.011 (2007). 


Form Follows Function 


Strains of Prochlorococcus cyanobacteria con. 

tribute nearly half of the photosynthesis in the 

‘open ocean. Different ecotypes have distinct 
Continued on page 1397 
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morphologies. The tiny and spherical MED4 
strain holds a 1.66-Mb genome and appears to 
prefer surface waters. In contrast, the larger 
(2.41-Mb genome) and ovoid MIT9313 ecotype 
is abundant in deeper (250 m) subtropical and 
tropical waters. 

By rapid freezing of hydrated cultured cells 
and cryoelectron microscopy, Ting et al. were 
able to document a substantially divergent cellu- 
lar organization and structure in these bacterial 
strains, The MED4 strain possesses a thinner cell, 
wall and a tess extensive intracytoplasmic (pho: 
tosynthetic) membrane system in comparison to 
[MIT9313. The authors also find differences in key 
‘genes required for the biosynthesis ofthe cell 
Wall peptidoglycan, where the greater similarity 
‘of these genes in MIT9313 and Synechococcus 
WHB102 correlates with their much thicker pep: 
tidoglycan layers. Overall, it seems that MIT9313, 
cells are better adapted for photosynthetic 
‘growth at low irradiance levels in deeper waters, 
although nutrient transport could also influence 
«ell size and shape. — CA 

J Bacteriol. 189, 10.112818.01948-06 (2007). 


BIOCHEMISTRY 
Tinkering with Protein Structure 


‘Afew years ago, a new protein (Top7) was made 
from scratch. A computational algorithm pro- 
vided a sequence of amino acids that had been 
designed to fold into a stable structure unlike 
any previously deposited in the public data 


www.stke.org 


EDITORS'CHOICE 


bases; lo and behold, it did. Top consists of 
three substructures: a pair of two f-strand-one 
‘helix modules (A and C) separated in the 
sequence by a single fs strand (module 8), with 
the five B strands forming a hydrogen-bonded 
Bsheet. 

Using atomic force microscopy and steered 
‘molecular dynamics, Sharma et al. have 
assessed the mechanical resistance of Top7 to 
being pulled apart and compared these parame 
ters to those of the canonical elastomeric mod 
‘le 127 of ttin. They find that theory and experi- 
‘ment fit well, providing an average unfolding 
force of 155 pN that acts to strip off module A 
from B-C by breaking the hydrogen (and other) 
bonds between these substructures. Welding 


‘Top7 (green) construct used in measuring 
unfolding forces. 


strands 1 and 3 with a disulfide revealed that 
170 pN was needed to lever module Camay 
from the A:B assembly, whereas interrupting 
‘one of the hydrogen bonds linking strands 3 
and 5 was Sufficient to lower the unfolding force 
10 125 pN. These results together illustrate the 
power of combining computational and bio 
chemical approaches to the design and refine: 
‘ment of protein structure. — G)C 

Proc. Natl. Acod. Sc. U.SA. 104, 9278 (2007) 


<< NEMO: An Adaptive Regulator 


Nuclear factor xB (NF-x8), a transcription factor critical in the 
immune response to pathogens, is maintained in the inactive state by 
an inhibitory protein (1x8). The InB kinase (IKK) complex activates 
NF-x by dissociating Ix8, and NEMO, also known as IKKy, isa regu: 
latory subunit of this complex. Zhao et al. show that in addition to 


this role in NF-xB activation, NEMO helps to activate the interferon regulatory factors IRF3 and 
IRF7, which, in combination with NF-xB and activator protein 1, stimulate the transcription of 
type | interferons (IFN-cc and -B) in virally infected cells. Experiments with mouse embryo 
fibroblasts deficient in the gene encoding NEMO showed that the efficient production of IFN-c 
and the subsequent expression of signal transducer and activator of transcription 1 (STAT) 
required NEMO, but not IKKB (a subunit required for NF-xB activation), suggesting that NEMO 
was not acting through the NF-KB pathway. Reporter gene assays also demonstrated the 
dependence of IRF3- and IRF7-mediated gene expression on NEMO. In the NEMO knockout 
‘ells, overexpression of TBK1 (an IKK-related kinase that is upstream of IRF3 and IRFT activa- 
tion) restored reporter gene activation, and NEMO was also requited for activation of the kinase 
activity of TBK1, placing NEMO upstream of TBK1 in the path to IRF3 and IRF7 activation. 
However, NEMO did not interact directly with TBK1 (or the related kinase IKKe); instead, 
immunoprecipitation studies with transfected cells showed that TANK (TRAF family member— 
associated NF-xB activator) was required for the formation of a trimeric complex of TANK, 
NEMO, and either IKKe or TBK1. Mutational and deletion analyses suggest that different 
tegions of NEMO participate in NF-xB versus IRF activation. —NRG 

‘Nat. mmunol. 8, 592 (2007). 
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Sino-Scientific Literacy 
The first-ever survey ofthe scientific knowledge 
of counly-level bureaucrats in China indicates 
that ifthe Asian giants going to take over the 
world a tle more homework is called fo 

Last year, 945 civil servants in 17 provinces 

and municipalities took the test. Only 12.2% 

passed, Respondents were required to choose the 

right definitions for seven scientific terms, cor 
rectly judge the truth of at least 10 of 22 scien- 
tc tatements, and not hold any superstitions 
‘Almost two-thirds were abl to choose comect 
definitions for terms such as “molecule,” 

“DNA,” and “Internet” and to correctly rate 10 of 
© child’s sex”) as true oF false, But only 36% picked 
@ correct definitions for “probability,” “controlled 
“experiment,” and “scientific research,” The survey 
also showed that more than half bebeved in 


MOLECULAR HOME MOVIES 


Oradea ~ | 


superstitions, such as fortune-telling by reading 
the face (held by 28%. 

“Civil servants should take the lead in 
promoting national scientific literary,” says 
Cheng Ping of the China National School of 
‘Administration, which announced the results 
of the survey last month. Civil servants, along 
with young people, farn 
are targets of China's new National Scheme 
for Scientific Literacy. In a similar survey of the 
general population in 2003, only 2% passed. 


Saving the Coelacanth 


The coelacanth, a rare fish that hasn't changed 
significantly in 300 million years, seems to be 
popping up all over. So much, in fact, that it's 
in danger of being overfished. On 11 June in 
Dar es Salaam, scientists and officials will meet 
to discuss creating a Coelacanth Marine 


5, and urban laborers, 
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Wartime Memories 


RECENTLY UNSEALED DOCUMENTS FROM WORLD WAR It ILLUSTRATE that French physicists 
had an early ead in the race to produce a nuclear reactor. The papers were given to Britain's 
Royal Society for safekeeping in 1940 and 1941 by James Chadwick, discoverer of the 
neutron and leader of Britain's wartime nuclear research. The society opened them to honor 
the 75th anniversary of Chadwick's Nobel Prize-winning discovery. 

Inthe papers, French citizens Hans von Halban and Lew Kowarski discuss how to make 
a nuclear reactor and generate plutonium. Before fleeing to Britain, the pair worked in 

Paris with Frédéric Joliot-Curie. After German scientists discovered 
© nuclear fission in 1939, the three realized it should be possible to make 
a reactor to generate power and patented the idea. 

Halban and Kowarski likely gave the papers to Chadwick to establish 
the priority oftheir findings, says Chadwick biographer Andrew Brown, 
a research fellow at Harvard's John F. Kennedy School of Government 
During the war, researchers couldn't publish results for fear of revealing 
secrets, and many looked to Chadwick, known for his integrity, to keep 
tabs on their work, Ironically, Brown says, Chadwick took a dim view of 
priority squabbles: “He thought that people shouldn't be concerned 
with their reputations when the survival of the country was at stake,” 


northern Tanzania, 
mb: 


Protected Area near Tanga 
Equipped with an oil-filled spine and 
like fins, the coelacanth can weigh more th 
100 kilograms, It was thought to be extinct untit 
a live one was discovered off South Africa in 
1938. Although specimens have been found up 
and down the East 
Alrican coast and 
even in Indonesia, 
the main population 
veas thought to b 
the Comoros Islands, 
But in the past 3 
years, many more 
32:50 far—have 
been caught off 
Tanzania, most of 
them in Tanga, 
800 km north of 
the Comoros. 
“It looks like more 
coelacanths have 
survived than people initially thought,” says 


caught in Api 


marine biologist Eric Verhelj, acting director 
of the Nature Conservancy's Palau office, who 
was the frst to identify a Tanga coelacanth, 
The ancient fish started showing up in 
wide-mesh gill nets that were lai to catch 
sharks at depths of 40 to 200 meters when 
shrimp trawlers were operating nearby. 
Anthony Ribbink, head of the African 
Coelacanth Ecosystem Programme in 
Grahamstown, South Africa, says they are 
riow being killed at a “quite frightening” 
rate. At the meeting in Dar és Salaam, 
the discussions will center on how to get the 
fishermen to lay their shark nets elsewhere 


The new Protein Movie Generator (PMG) provides 
an online studio for budding scientific Walt 
Disneys. Produced by two researchers at the 
University of Paris, the site makes it easy to create animations 
that put molecules in motion 
PMG starts with file from the Protein Data Bank or trajectories from 
‘molecular simulations. Users can then script simple scenarios, such as an 
‘enzyme pirouetting to display its active site, or more complex maneuvers, 
such asa ligand gliding in to dock with its receptor. If you prefer stills, you 
‘an use PMG to craft molecular graphics. This illustration, for instance, 
bares some of the internal structure of triosephosphate isomerase, 
‘one of the sugar-slicing enzymes of alycolysis. >> 
bioserv.ppbs.jussfeu.f/~autin/helpPMGtuto.himL 
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DR. PAUL JANSSEN AWARD 
FoR BIOMEDICAL RESEARCH 


THE SELECTION COMMITTEE 


OF 
THE DR. PAUL JANSSEN AWARD 
FOR BIOMEDICAL RESEARCH 


INVITES NOMINATIONS FOR 
THE 2008 AWARD 


2006 WINNER: 


DR. CRAIG MELLO 
FOR HIS ROLE IN THE DISCOVERY NAL 
AND THE ELUCIDATION OF ITS BIOLOGIC 


RENCE (RNA 
FUNCTIONS 


Please go to www.pauljanssenaward.com for more information 


Deadline for nominations is December 1, 2007 


2008 Selection Committee 


Dr. Solomon Snyder 
Chairman 


Dr. Linda Buck i ‘ era eine 


Dr. Edward Scolnick 


Dr. Jean-Marie Lehn ©fobnson cal Services, LLC 2007 
Sir Richard Sykes 


i] POLITICS 
§ POLITICAL PRO. the man chosen by 
§ President George W Bush oe the nt 
U.S. surgeon general knows his way around 
H Washington, D.C. Cardiologist ames W. 
Holsinger J. served for 26 years in senior 
posts throughout the Department of Veterans 
& Affairs before becoming its chief medical 
director and then undersecretary of health 
during the early 1990s, An M.O.-Ph.0. 
ataduate of Duke 
University Holsinger 
is.a professor of 
preventive medicine 
at the Univesity of 
Kentucky in Lexington 
and a former chan 
Cellor ofthe medical 
center, Holsinger has 
declined comment 
while his nomination 


| 
i 
H 
: 
| 
ispending before the 
A 
H 
i 
i 
; 
: 
H 


Senate, but the White House said he will 
focus on combating childhood obesity. 


ON CAMPUS 

WAR OF WORDS. Evolutionary biologist 
Robert Trivers was 6 hours away from deliver- 
ing a talk at Harvard University on self 
deception and the role it played in Israel's 
2006 invasion of Lebanon when organizers 
cancelled the 27 May event. Trivers claims 
that the cancellation was payback for his recent 
letter in The Wail Street Journal attacking an 
‘op-ed piece by Harvard law professor Alan 
Dershowitz, a well-known defender of many of 
Israel's policies. “It was a very humiliating and 


Got a tip for this page? E-mail people@aaas.org 
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BEATING A KILLER. Developing an affordable malaria vace 
Africa, where a million children die from the disease every ye 
the tall challe French physician Christian Loucg, who 
\was named director of the PATH Malaria 
Vaccine Initiative (MVI) in Bethesda, Maryland, 
Loucq had been interim director of MVI, which 
ved $263 million from the Bill and Melinda Gates 
Foundation, since February. 

Loueg has worked pri 


ily in marketing and sales positions for 
half a dozen vaccine companies—including Pasteur Merieux 
‘Connaught and SmithKline Beecham—in India, Thailand, China, 
dom, and elsewhere, His ability to lead, 

n vaccine 
development and malaria se predicts Thomas Monath, a 
former chief scientific officer at vaccine producer Acambis, where 
“He's a great 


degrading experience,” says Trivers, 
who had to call several friends and 
relatives to ask them not to come. 
Trivers (right), a professor 
at Rutgers University in New 
Brunswick, New Jersey, had sent a 
letter on departmental stationery 
to Dershowitz a few weeks eartier 
saying that “if there isa repeat of 
Israeli butchery toward Lebanon, 
and if you decide once again to 
rationalize it publicly, look forward to a visit 
from me. Nazis—and Nazi-like apologists such 
as yoursel!—need to be confronted directly.” 


Three Q’s >> 


By day, Clark Olson is a professor of database systems and computer 
vision at the University of Washington, Bothell. By night, he’s a king of 
fantasy sports. hobby in which individuals create and manage imaginary 
teams of real players that compete with one another based on their season's 
statistics. Olson's computational and algorithmic skills have earned him 
ive straight top-three finishes in an international rating system of online 
fantasy players, plus about $5000 in winnings every year. 


Dershowitz says he had 
nothing to do with the disinvitation 
from Martin Nowak, who heads 
Harvard's Program for Evolutionary 
Dynamics. But Dershowitz admits 
the was planning to hand out copies 
of Trivers's letter at the event 

“in an exercise of my right to free 
speech.” Dershowitz has also filed 
a complaint with Rutgers adminis 
trators. Nowak couldn't be reached 
for comment, and a Harvard spokesperson 

was unable to confirm or deny Trivers's version 
of the story. 


jow well do you know the games themselves? 
Sports knowledge isn’t crucial to doing well at fantasy sports, More important are knowing 
where to get good information, being able to analyze stats, and developing successful 
strategies for building a strong team. 


{ow much of your decision-making is art and how much is science? 
I'm not sure there is any art at all. try to make every decision based upon principled 
analysis, For some moves, new information makes analysis trivial. 


‘Q:Who will be more successful this season: your fantasy picks or your favorite baseball 
team, the Seattle Mariners? 

Itis extremely unlikely that the Mariners will finish as well in their leagi 
ESPN Uber contest, where Iam in fourth place overall. However, if su 
in revenue, then I can’t compete with the Mariners, 


1e as Ido in the 
is measured 
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STEM CELLS 


Teams Reprogram Differentiated 
Cells—Without Eggs 


Scientists this week reported major advances 


toward a central goal of stem cell research 


directly reprogramming fetal mouse cells so 
that they are indistinguishable from embryonic 


stem (ES) cells. The technique, which they say 
should also work on adult cells, could one dary 
enable researchers to generate cell lines tai- 
lore 
eggs or 


to individual patients without the use of 


“The papers are stunning.” says Harvard, 
stem cell researcher Chad Cowan. "Amaz 


very exciting.” adds Stephen Duncan of the 
Medical College of Wisconsin in Milwaukee 
The advances, which are sure to have political 


implications as well, a ted in two 


papers in Narure—written by groups headed 
by Shinya Yamanaka of Kyoto University in 


Japan and by Rudolf Jaeniseh at the Massa 
chusetts Institute of Technolog 
another paper by Konrad Hochedlinger at 
Harvard, which was published inthe inaugural 
issue of Cell Stem Cell. 


nes related to pluri- 
potency active in mouse ES cells, the 
researchers discovered a combination of four 
nes that, when introduced into skin cells 
from mice’s tals, conferred ES-like properties 
upon them (Seience, 7 July 2006, p. 27). 

But the tail cells did not completely mimic 
ES cells, and 


Wy Scientists were skeptical 


Reprogramming, Take Two 


Neat trick. A normal embryo developed by 
Jaenisch’s group entirely from reprogrammed fetal 
mouse cells 


‘When Shinya first claimed this, I would say 
that 90% of the field said *No way. It seemed 
so stunning that it could happen like that.” says 
Cowan. Now it clearnot only that it happened 
but also that with an alteration in the original 
formula, scientists have generated what they 


believe are fully pluripotent cell populations 
from both fetal and adult mouse fibroblasts, 


In the same issue of Nature, Harvard's Kevin Eqgan reported another reprogramming advance: nuclear 
transfer (also called research cloning) using a fertilized mouse egg, or zygote. Early attempts in the 
1980s to clone animals by transferring the nucleus ofa somatic cell nto a zygote failed, leading to a 
focus on doing the procedure with unfertilized oocytes. Human eggs, however, are difficult to obtain. 
Now Eggan and colleagues have shown that if nuclear DNA is removed from the dividing 
mouse zygote at just the right moment, it will successfully reprogram an introduced nucleus from 
a somatic cll. n this experiment, the researchers succeeded in creating both new lines of E5 ces 


and apparently healthy cloned mice. 


This work, says Cowan, suggests that to create patient-specific human ES cell lines, researchers 
could make use of fertilized eggs that would otherwise be discarded at fertility clinics, sidestepping 


the problematic 


Lanza of Advanced Cell Technology Inc. in Worcester, Massachusetts 
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ssue of egg donation. “It’s an exciting paper.” says cloning researcher Robert 


oH. 


The three teams all be; 
Yamanaka’s procedure, using a viral vector to 
introduce copies of genes for four transcrip- 
tion factors active in ES cells: Oct4, Sox2, 
¢-Mye, and Kf. Because the reprogrammin, 
works for only one in every 1000 cells, the 
researchers 


by following 


activity of a gene that, as it tumed out, selected 
for cells that were incompletely repro- 
ammed, In the new studies, the scientists 
used the expression of Oct4 and N: 
well-known pluripotency markers, 
The cells selected using these markers 


appear have all the same traits as ES cells, To 


test this hypothesis, the researchers tagged the 


reprogrammed cells, called induced plu 
potent stem (iPS) cells, with a fluorescent dye 


and injected them into early-stage mouse 
embryos, Someof the resulting chimeric animals 


had descendents ofthe iPS cells throughout their 
bodies, Thi 
successfully breeding the chimeras to normal 
mice. This showed that iPS cells had made it to 


archers confirmed this by 


the germ line in the chimeras, 


Together, the three papers give a convincing 


picture of the repro} 


menon, 
says Cowan, Jaenisch says his iPS cells passed 
the “most stringent 


jest of pluripotency, which 


injected into tetraploid 
ated by fusing two normal 
ploid embryos are incapable of 
development beyond forming a placenta, But 
when they are injected with normal pluripotent 


embryos, Cr 


embryos, tetra 


cells, the embryos develop into mice that are 
entirely the products ofthe introduced cells In 
Jaenisch’s experiment, the iPS cells came from 
reprogrammed fetal cells, but the researchers 
are confident that the strategy will work with 
cells generated from adult fibroblasts, says 


Hochedlinger, a co-author. 
In the study led by Hochedlinger, the team 
thoroughly explored the 


that modify chromosomes and control gene 
expression—of iPS cells, demonstrating that 
the epigenetic signatures of thei 
same as those in ES cells 

But the Yamanaka study showed a big 
downside to the strategy. The only author to 
study the offspring of the chimeras after birth, 
he observed that 20% of the 121 mice devel- 
oped tumors. That finding. Yamanaka notes 
shows the danger of using retroviral vectors, 
which can tum on cancer-causing genes. 

This highlights what Jaenisch calls » 


nes are the 


wawwsciencemag.org 


jor. major problems which need to be 
resolved” if this work is to be applied to 
humans. Once the appropriate human tran- 
scription factors are identified, scientists will 
have to find ways to introduce the factors 
Without retroviruses or to safely activate the 
relevant genes within the cell 

A likely alternative would be the use of 
small molecules to penetrate cell walls and turn 
on production of the necessary transcript 
factors, “Now that we know there's a mec! 
nism by which this [repro 
pen, there will be an ag 
small molecules that © 
ways.” predicts Dun 


activate these path- 
nT will take a lot of 


ACADEMIC TENURE 


work, but the fact that the pathways exist gives 
you a [place] to stat ... Thisis huge.” 

oad to potential therapies 
rammed adult cells. But Cowan is 
“The most amazing thing about 
these papers is you now take this whole idea 
of reprogramming out of the hands of 
cloning specialists and put it into the hands 
of anyone who can do molecular and cell 
biology.” In some ways, he says, “it'sa much 
simpler system than we thought.” Asa result, 
he predicts, 
process accelerate.” 

Co 
announced th 


optimistic: 


‘we're really going to see this 


cidentally, the advances were 
Jay before the 


MIT Colleague Quits to Protest Sherley 


The head of a biomedical innovation center at 
the Massachusetts Institute of Technology 
(MIT) in € t 
the school’s treatment of an African-American 
Lo, 


nbridge has resigned to prot 


eal 


colleague in the b ineering 
department. Frank Douglas, who is also black, 
says he will leave MIT on 30 June—the termi- 
nation date for his colleague, James Sherley. 
An MIT spokesperson says that Douglas's 


decision would have no impact on the institu- 
tion's stance regarding Sherley. who went on a 
12-day hunger strike in February after 
denied tenure (Science, 16 February. p. 920). 


A stem cell researcher and the winner of 
41 2006 Director's Pioneer Award from the 
National Institutes of Health (NIH), Sherley 
bewan a fast on $ February to fight what he 
claims wasa racist decision by MIT to reject 
his bid for tenure, MIT says that race played 
no role in the decision. When Sherk 
his strike, MIT put out a statement express- 
ing a commitment to address his concerns 


about fairness and to “continue to work 
toward resolution of our differences with 
Professor Sherley.” In the weeks that fol- 
lowed, however, MIT administrators made it 
clear that they would neither reopen Sherle: 
tenure 

had been handled, 

Douglas isa chemist and pharmaceutical 
industry veteran who was hired in 2005 to 
establish MIT’s Center for Biomedical 
Innovation. He holds faculty appo 
in the science, engineering, and managem 


se nor review how his g 


ments 


schools. Ina | June letter to MIT Associate 
Provost Claude Canizares, Douglas expressed 
ay thi 


MIT. 


fer having agreed to 


On principle. Frank Douglas says MIT's handling 
of James Sherley's protest reflects an environment 
that is hostile to African Americans. 


greement and insists on his departure on 
June 30th, 2007. ... [leave because I would 
neither be able to advise young Blacks 
about their prospects of flourishing 
current environment, nor about av 
available to effect change when ag 
or promises are transgressed.” 
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scheduled to vote on a Senat 


passed bill loos- 
ening restrictions on ES cell lines available to 
federally funded researchers, The measure was 
expected to pass but to be vetoed by President 
George W. Bush in a replay of te events of last 
summer (Science, 28 July 2006, p. 420), 

In this environment, the reprogramming, 
studies are likely to be seized on by erties of 
ES cell research as further evidence that there 


is no need for the contentious practice of 
destroying early embryos to obtain stem cells, 


Hochedlinger and others haster 


to point out 

that research needs to progress on all fronts, 

because all systems “have their limitations.” 
~CONSTANCE HOLDEN 


Dismissal 


Douglas says he has no opinion on 


whether Sherley deserved tenure but is fuse 
trated by MIT'S “lack of desire” to resolve 
the issue. “Does the institution re 
that Prof, Sherley would have 


ly believe 
ended his 
hunger strike if he really understood that 
“continueting) to work towards resolution of 
diffe 
and a 


ant no arbitration process 
that he should leave 


ees’ me: 
pre 
regardless of the outcome of the resolution 
of those differences?” he asks, saying that as 
a minority, he felt obligated to speak out. 

In a3 June reply to Douglas, Canizai 
wrote, “I can state categorically that MIT 
did not agree, implicitly or explicitly, to 
arbitration or to extend Professor Sherley's 
faculty appointment beyond June 30." The 
next day, MIT issued a statement saying that 
Douglas's decision was based on inaccurate 
formation, and that it hoped he would 


reconsider his resignation 
Outsiders familiar with MIT’s environ- 
ment do not think Douglas's departure will 
have much impact. “The administra 
inclined to take the same approach that zov- 
erments take while dealing with terrorists 
They won't negotiate.” says Philip Phillips 
an African-American solid state physicist at 
the University of Hlinois, Urbana-Champaign, 
who was denied tenure at MIT 16 years 
ago. Instead, he predicts, MIT will treat 
Douglas as it did Sherley—“as just another 
irrational person.” 
-YUDHIJIT BHATTACHARIEE 
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A multi-functional, high-performance, compact system with 
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COSMOLOGY 


Gravity Distorts Big Bang Afterglow, 
Opening New Window on Cosmos 


‘The best picture of the infant universe is dis- 
torted as if in a funhouse mirror, cosmo- 
ogists report. Ironically, the aberration may 
lead to. clearer view ot how the young uni- 
verse evolved, 

The observation marries two of cosmolo- 
sis’ more fruit pursuits, Researchers have 
analyzed the alierglow ofthe big bang. known 
‘as the cosmic microwave background (CMB), 
to nail down the precise age and compenition 
of the universe, Meanwhile, others have stud- 
ied how light from distant galaxies is deflected 
by the gravity from vast filaments of “dark 
matter” stretching through space, a pheneme- 
no known as “weak lensing.” Nov team of 
Young upstart has detected weak lensing of 
‘the CMB itself, 

Researchers were certain that the CMB 
would show the lensing distortion, but they 
were eagerto find the effect because it could be 
used 10 probe the evolution of the stricture of 
the universe, says David Spergel, a cosmolo- 
sista Princeton University. "What they Say is 
what they expected,” he says, “but this is 
groundbreaking because this sa new tool that 
could be very powerful” 

To spot the effect, Kendrick Smith of the 
University of Chicago in Illinois and col- 
leagues started withthe portrait of the CMB 
produced by NASA's orbiting Wilkinson 
Microwave Anisotropy Probe (WMAP). The 
temperature ofthe microwaves varies slightly 
fromm pont to point across the sky. By analyz~ 
i ing the hot and cold blotches, WMAP 

researchers have dealced thatthe universe is 
8 13.7 billion years old and consists of 4% ondi- 
i nary mater, 22% dark matte. and 74% weird 
H 
g 


space-stretching “dark energy” (Science, 
19 December 2003, p.2038). 
With images of galaxies, lensing makes 
the elliptical shapes tend to align with their 
¥ neighbors in the sky, like fish in a swirling 
school (Science, 17 March 2000, p. 1899). In 
E the case of the CMB, a clump of dark matter 
3 in the foreground should magnify the 
§ splotchy pattern behind it. In principle, 
i researchers could spot the effect by serutiniz- 
i 
A 
z 
é 


ing the CMB alone. In practice, that “auto 
correlation” technique isn’t yet feasible 
because WMAP can’t quite bring the 
microwave pattern into sharp enough focus. 
So the team compared the CMB map to 
one pinpointing 1.8 million galaxies that was 
produced by the Very Large Array (VLA) of 
§ radio telescopesin New Mexico. The galaxies 


trace the dark matter filaments, so the spots in 
the sky where galaxies are most numerous 
should also line up with the patches in the 
(CMB that appear to be magnified. The com- 
parison makes the effects of lensing clear, 
much as superimposing two patterns of 
random dots might reveal a picture 
partially encoded in each, the researchers 
reported in a paper posted last week to the 
arXiv preprint server (wwwarxiv.org) 


Double vision. Cosmologists detected the gravity 
induced distortion of the cosmic microwave 
‘background (top) by comparing it with a galany map. 


Lensing of the CMB could enable 
researchers to probe how the dark-matter web 
evolved even before galaxies formed. But that 
Will require autocorrelation analysis of higher 
precision data fiom future projects such as the 
South Pole Telescope; the Atacama Cosmology 
Telescope at Cerro Toco, Chile; and the Euro- 
pean Planck satellite, says Christopher Hirata, 

stat the Institute for Advanced 
‘Study in Princeton, New Jersey. Hirata and his 
colleagues will soon publish an independent 
observation of the CMB lensing. 

The advance was made by three of the 
field's younger members. Smith and Oliver 
Zahn of the Harvard-Smuthsonian Center for 
Astrophysics in Cambridge. Massachusetts, 
are graduate students, and Olivier Doré of the 
University of Toronto is a postdoc. They were 
able to make their mark because the WMAP 
and VLA data are opento the public. Ifthat had 
not been the case, Smith says, “two graduate 
students and a postdoc probably wouldn't have 
been the drivers” forthe project. 

ADRIAN CHO 


Measuring Health Work 


Using 2 $105 million gift from the Bill and 
‘Melinda Gates Foundation, the University of 
Washington, Seattle, has created the Institute 
for Health Metrics and Evaluation (IHME) 
“How do we know the investments in global 
hhealth we're making are having the impact we 
want?” asks health economist Christopher 
‘Murray, who will head a staff of 130, 

Murray is moving to Seattle from Harvard 
because billionaire Larry Ellison rescinded his 
pledge of $115 million to create a similar 
institute when university president Lawrence 
‘Summers resigned, “I'm deeply unhappy that 
we lost Chris,” says Barry Bloom, dean of 
Harvard's School of Public Health. “One needs 
hhealth metrics to hold countries accountable 
for the health of their people. That's what he 
does, and he does it better than anyone else." 

Murray contends that policymakers: 
especially in developing countries —need better 
data on mortality, immunization rates, and 
disease burdens. IHME will train graduate 
students and issue reports that evaluate specific 
‘programs funded by the Gates Foundation and 
‘other new players in the global health arena as 
wel as the flow of ad “JON COHEN 


Russian Double Trouble 
‘MOSCOW—A governmental office auditing 
the Russian Foundation for Basic Research 
(RFBR) has claimed thatthe funding agency 
misspent about $8 milion in fiscal year 2006. 
RFBR manages about $150 million, or about 
69 of the Russian government's basic 
research budget. But the audit released last 
imonth by the Russian Accounts Chamber 
called RFBR’s activities “unsatisfactory.” The 
$8 million in question was awarded to two 
projects already funded in other ways, it sald, 
and last year 96 other research projects 
receiving about $800,000 were halted due to 
"unsatisfactory quality” or because the proj 
ects closed down. 

FBR Director Vladimir Lapshin defended 
hhis agency, calling the audit “some kind of a 
mishmash.” Grants that were occasionally 
siven to already-funded projects make up a 
“negligible” sum, Lapshin says, adding that 
terminating unsatisfactory projects was a 
result of solid peer-review. Several senior 
Russian scientists, who asked not to be 
‘named, expressed fear that the audit could be 
a prelude to shutting down RFBR or allowing 
state officials to take control ofits budget, 

~ANDREY ALLAKHVERDOV AND 
VLADIMIR POKROVSKY 
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Hard-nosed negotiator. Critics of 
compulsory licenses have double 
insists health minister 
pictured in his office 


ailand’s 
andar 


jkol Na Songkhia, 


MONGKOL NA SONGKHLA INTERVIEW 


Thai Health Minister Defends 
Controversial Drug-Patent Policy 


BANGKOK—Thailand’s audacious moves to 
break drug patents have earned it raves 
fr it advo- 

ates—and the ire of big pharma, Tha 
has asserted its right, under a World Trade 
Organization provision for copin 
public health needs, to make or 
generic versions of two AIDS drugs 
efavirenz and lopinavir/ritonavir—and 
clopidogrel, a heart medication (Science 
11 May, p, 816), Several countries say tl 
will follow in Thailand's footsteps. Brazil 
has already invoked a compulsory license 
for Merck's efavirenz. 

Thailand has paid for its activism. In 
March, Abbott Laboratories, which makes 
lopinavir/ritonavir, withdrew applications 
to sell seven new medications in Thailand 
And the Office of the U.S. Trade Represen- 
tative has put Thailand on its 
Watch List and will reportedly de 
month whether to slap tariffs on certain 
Thai exports 

At the center of this firestorm is 
ol Na Songkhla. A 65-year-old 
al doctor, Mongkol was appointed 
minister of public health by Thailand’s 
military-installed governm 
ber. Described by colleagues asa down-to- 
earth workaholic with a sharp sense of 
humor, Mongkol, in an interview with 
Science last week, insisted that the com- 


nN many governments and ps 


t last Octo- 
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pulsory licenses 
ing poor people 
borne “unfair” er 
that his ministry 
branch to drug comy 


¢ aimed solely at help- 
and that Thailand has 
icism. He also revealed 
as offered an olive 
nies. 


RICHARD STONE 


There are reports that Thailand may 
issue compulsory licenses on two more 
drugs, and that you have set a limit of 
five drugs. 

Compulsory licensing [CL] is not a routine 
action. It is a very special, exceptional one 
If we want to do CL for our poor 
cannot do more than five drugs. 


Why five? How did you arrive at that limit? 
Cost. We don’t want to interfere with R&D, 
with innovation, with the investment of the 
companies. Twenty percent of Thai people 
can pay from their own pocket and never 
want to use 
empl 
fo 
in Thailand, they neve: 
drugs. But the majority 
people—never has.a chance to use the orig- 
inal product. 


neric drugs. Government 


loyees prefer to use the ¢ 


It’s been reported that the next two 
drugs that might be issued compulsory 
licenses are cancer drugs. 


People guess this from my eriteria, from the 
cost of drugs to people. ... leannot confirm. 
We have a committee to consider this. | 
never make [these] decisions by myself, I'm 
only the gateway 


Some critics claim the licensing is more 
of a negotiating strategy to force drug 
companies to come down in price. Is that 
a fair observation? 

Maybe, maybe, You see, more than 2 years 
ago we invited the drug companies to come 
and negotiate. They never wanted to sit and 
talk with our committee. And right now it is 
easier for us to invite them. 


You certainly got their attention. 
Yes. 


On balance, do you think the focus on 
compulsory licensing has been positive 
for Thailand? 

don’t think its positive, because some peo- 
ple have a double standard. Why don’t they 
criticize other countries, especially devel- 
‘oped countries that do CL? 


What would you have done differently? 
We did it too transparently. { don’t think the 
other cour wed their intention to 
do compulsory licensing, Everyone knows 
the details of our negotiations, This is 
maybe too transparent 


‘As a medical doctor, you must be partic- 
ularly distressed with Abbott's action to 
withdraw drugs it had intended to sell 
here. Have you conveyed that to them? 
They want me to stop doing CL before 
negotiations. That is very tough. 


You will not agree to that? 
Yes, | will not 


Do you think the rift with the drug com- 
panies can be healed? 

It will take time. I have proposed that they 
sell another version of their original prod- 
ucts of the same quality but different pack- 
aging for the poor, ata lower price. 


Is it possible in Thailand to tightly con- 
trol the distribution of a second version 
for poor people? 

Sure, because this would only be for non- 
commercial use. It cannot be used in private 
clinies or [private] hospitals. 


How have drug companies reacted to 
this idea? 
Tam still waiting [for their reaction]. 
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SAUDI ARABIA, 


Graduate University Launched 
With $10 Billion Endowment 


judi Arabia is using some of its vast oil 
‘wealth to create what it hopes will be a 
world-class graduate research institution, 
The King Abdullah University of Sei- 
ence and Technology (KAUST), which is 
scheduled to open in the fall of 2009, will 
have a $10 billion endowment—the sixth 
largest in the world, Although the university 
‘won't open for more than 2 years, officials 
said this week that they will prime the pump 
by awarding some 500 undergraduate schol- 
arships this year and next to students around 
the world, with the understanding that the 
recipients will form KAUST’s inaugural 
classes, They are also launching a $100-million- 
‘year global research partnership program 
to fund work by scientists who agree to 
become aliliated with the new university. 
“We realized that we cannot wait until when 
‘we open, in September 2009, to begin our 
research program.” says Nadhmi 
Al-Nast, KAUST’s interim 
president. “We also wanted to 
find researchers working on 
things that have the potential to 
bent Saudi Arabia’ 
The university is the 


brainchild of the country’s i 


current ruler. I's being built 
from seratch on a tract along 
the Red Sea, some 80 km 
north of Jeddah. The project, 
which includes constructing a 
surrounding city of 15,000, 
\was given to Saudi Aramco, 
the government-owned oil 
giant, and is being overseen 
by the Minister of Petroleum 
and Mineral Resources. But 
once completed, the university will be 
financially and administratively independ 
ent of the Saudi government, says AL-Nast, 
who's on leave from his post as vice presi- 
dent for engineering at Saudi Aramco. 
KAUST will have its own governing 
board of trustees as well as its own endow- 
§ ment." he explains. Government officials 
also decided to place it outside the 
purview of the ministry of higher educa- 
tion, “The kingdom is in the midst of 
its entire system of higher 
~ Al-Nast explains. “So it would 
not make sense to try to build KAUST 
within the existing bureaucracy 
The university will be organized around 
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multidisciplinary research institutes. The 
initial ones will encompass energy and the 
environment, biosciences and engineering, 
materials science and engineering, and 
applied mathematics and computational sei- 
ence, Accordingly, the first round of global 
partnerships will lure faculty members by 
tackling challenges such as desalination, 
carbon capture and hydrogen-rich fuels, and 
computational linguistics. 

AUST has hired some academic 
heavyweights to help it jump-start the 
school. Al-Nasr says the Institute of Inte 
national Education, which runs the 
US.--based Fulbright Program, will manage 
the student scholarship program, while the 
Washington Advisory Group (WAG) will 
handle the competitive grants program 
using a National Science Foundation-style 
merit-review system. The university will 


Not Enough Saudis 


engineers, who now make up 2 
small fraction of the engineers 


eventually have a capacity for 2000 gradu- 
ate students and 600 faculty members and 
researchers, and Al-Nast hopes as many as 
‘one-fifth of the students will be Saudis. 

“I think it's a potential game changer for 
the region,” says WAG's Frank Rhodes, pres- 
ident emeritus of Cornell University and an 
adviser to the university. Adds Richard 
Sykes. rector of Imperial College London 
and another adviser: “I don’t think that it" 
be too difficult to get good people to come 
for a short time. The issue will be. “Can you 
sustain the quality over time?’ ” KAUST 
hopes to have a founding president on board 
by January 2008. 


JEFFREY MERVIS 


Stem Cell Patents Defended 


The Wisconsin Alumni Research Foundation 
(WARE) says that its three patents covering 
the derivation of human embryonic stem (ES) 
cells and the cells themselves comprise work 
that represents “true innovation.” The founda 
tion responded last week to a March ruling by 
the U.S. Patent and Trademark Office that ear 
lier work with mouse cells “anticipated” the 
first-ever derivation of human cells in 1981 
by James Thomson of the University of 
Wisconsin, Madison. WARF disputed that 
contention, citing certain unique chemical 
requirements for human cells. Ina declara 
tion, Colin Stewart of the Institute of Medical 
Biology in Singapore said that Thomson's 
achievement “managed to accomplish what 
‘others had for years tried and failed to do.” 
Not so, says Jeanne Loring, a molecular 
biologist at the Burnham Institute in San 
Diego, California, who believes Thomson 
simply applied known mouse methods to 
primate cells to which he had access few 
others had. The patent office has 2 months to 
decide whether WARF’s patents are invalid, 
ELI KINTISCH 


Glacial Progress 


With a baseline inventory ofits glaciers set in 
2002, Chinese scientists now hope to obtain a 
comprehensive picture of how glaciers in west 
‘er China have responded to climate change in 
recent years, The new glacier inventory project 
will use remote sensing and field surveys to 
‘compile data for comparison with the baseline 
established by China's fist survey, which began 
in 1978 and took more than 20 years to com 
plete. A team of researchers this month will 
head out to the Qian Mountains in Qinghai 
Province to begin fieldwork. Liu Shiyin, a project 
leader at the Chinese Academy of Sciences’ Cold 
and Arid Regions Environmental and Engineer: 
ing Research institute in Lanzhou, hopes the 
$2.6 million project will help quantify glacier 
retreat and warming impacts, such as drought 
or sea-level rise. Western China's ol 
10 major rivers, 


Ecology Lab Gets Execution Stay 
‘ter funding was cut by the Department of 
Energy, officials Last month planned to close the 
‘Savannah River Ecology Lab on 31 May (Science 
18 May, p. 969). Now, the University of Georgia 
hhas given the tab a 1-month reprieve, although 
it hasn't told Director Paul Bertsch whether its 
financial support will do more than pay for 
salaries and benefits. Lawmakers are investigat- 
ing the situation. ELI KINTISCH 
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CONSERVATION BIOLOGY 


Whales (Mostly) Win at Whaling 
Commission Meeting 


ANCHORAGE, ALASKA—Whales and envi- 


ronmentalists were the bi 
fF the International 


year’s 4-day meeting 
Whaling Comn 
majority of memb 


ssion (IWC) here, with a 
firming the 
ratorium on com- 


nations re: 


nization’ 2 m 


alyo passed a 
resolution calling for Japan to “ 
indefinitely” its scientific whaling 


Southern Ocean Whale Sanctuary 


change its plans for lethal research on 
endangered humpbacks and fin whales 
(Science, 27 April, p. $32). 

But the meeting of 400-plus dele 
to 31 May was 


tes 


from 71 countries from 
hardly a joyful reunion, Rather, like any 
unhappy family, IWC members exchanged 
insults and accused each other of bad faith 
and broken pron nts that 


added to the ev divide between 


owns 
and those 


those who fancy a whale 
who prefer their « 


swimming in the o¢ 
And in the final hour, Japan, which 
strongly favors a resumption of commercial 


whaling, announced that it was consid 
a divorce. The IWC has spurned its “ori 
nal role as a natural resource man; 
organization.” Akira Nakamae 


ment 
one of 
Japan's deputy commissioners, said at the 
an upholds the principle of 
I Living marine resources,” he said, 


meeting, “Jay 


using 


and may form “a new organization with 
other countries” that follow that principle. 


ferent outcome: Japan and its pro-whali 


allies narrowly passed a symbolic resolu- 


tion calling for an end to the moratorium on 


com I whaling. Given the rise in 


abundance of s« 


ne whale species, Japan 
has also asked the Convention on Interna- 
I Trade in Endangered Species to 
reat whales; CITES, 
currently prohibits trade in these cetaceans 
or their products. But the IWC voted 37-4 


review the status of 


for a resolution saying that the whaling 


moratorium was ded and ask 
CITES, which meets this week, to defer to 
IWC on the question of whales. 

Japan chos vote 
and others, underscoring the widening gulf 
between pro- and antiwhaling nations. How- 
ever, the IWC did throw a lifeline to the Gulf 
of Califomia’s highly enda 
phin (Phocoena sinus), pledging support for 
Mexico's plans to save it from extinction, 

Some IWC members also strongly eri 
g. Japan kills 

sar (prim: 


not to participate” in thi 


eed vaquita dol 


ized Japan's scientific wha 
fe than 1000 whales each 


rily minkes) in the Southern Oc 
North Pacific and sells the meat. That is the 
largest number of whales harpooned by any 
IWC nation. A majority of the commis- 
‘with Japan and its allies not partici- 

approved a resolution that 


patin, 
expresses “deep concern at [Japan's] con- 
tinuing lethal research” and states that the 
program does “not address critically impor- 
tant research needs.” Delegates from sev- 
eral nations delivered far harsher words: 
“The practice of scientific whaling by 
Japan flies in the face of the whole purpose 
of this convention and demeans the IWC 

charged Malcolm Turnbull, Australia’s 
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deputy commissioner and a member of par- 
liament. “Show goodwill toward the people 
of Australia, and drop the humpbacks if not 
the program itself,” 
echoed by others. 


he asked in an appeal 


Australia’s request was based “on emo- 
nce,” responded Joji Morishita, 
n. “Weare 
mand its 
achievements.” he said, noting that the hunts 
will go ahead as planned for the winter of 
2007-08. The IWC has no authority to force 
Japan to curb research whale hunts, which 

I permit” issued by the 


tion, not se 


deputy commissioner from J 
proud of our scientific progr 


require only a “speci 
Japanese 


The IWC prides itself on using science to 
de its decisions, although science was 


oked in so many ways that the New 


ion Finally noted that the term 
had a “very elastic meaning.” Prior to the full 
meeting that ended last week, the IWC's Sei- 
entific Committee gathered for 2 weeks in 
Anchorage to discuss everything from the stat- 


tus of the world’s whale species, to whale 
deaths as a result of entanglement in fishing 
nets, to whale-watching tours and pollution 
The resulting 100-plus-page Report of the 
Scientific Committee then served as the basis, 


for the full meeting's discussions, 
use the ULS. delegation 
ntific data that 
ttendees voted unanimously to 


Indeed, it was be 
made the case with strong se 


the me 
support subsistence hunts of Western Aretic 
bowhead whales by certain Alaskan Eskimo 
a req 
The lata wi 


aboriginal whaling communiti lest 


expected to be controversial re 


compelling and show that the Western Arctic 
bowhead population is healthy and recover- 
ing,” said Douglas DeMaster, a deputy com- 
per on the U.S, delegation, ""This hunt is 
also sustainable.” 

Japan had hoped to persuade the 1WC 
commissioners to allow four coastal commu 
North Pacific minke 
whales, a request they have made at the 
20 IWC meetings. Such a limited hunt would 
not “negatively impact the abundant minkes 


nities to resume huntin 


and would alleviate “suffering in the villages.” 
sid Nakamae. But in contrast to the Western 
few data 
about these minke whale populations, which 
are already killed as bycatch, says DeMaster, 
And few countries agreed that Jap 
whalers, who would sell the whale meat, are 


equivalent to native subsistence hunters. Japan 
has threatened to leave the IWC before but has 
no. Still, it is not clear whether it will partici- 
pate in the 2008 IWC meetin, 
Santiago, Chile 


VIRGINIA MOREL 
Virginia Morel is a writer in Ashland, Oregon. 
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jthe Scary Side 
Of Global Warming 


Greenhouse warming might be more disastrous than 


therecent interna 


nal assessment managed to, 


cofivey, scientists are realizing. But how can they 
get the word out withoutseeming alarmist™ 


CLIMATE MODELER JAMES HANSEN 
knows all about sounding the alarm. In the 
summer of 1988, drought wracked the country 
re was consuming Yellowstone National Park, 
and the nation’s capital sweltered. Even the 
Senate hearing room where Hansen was testify 
ing was warm and stuffy—the Demoerats had 
opened the windows the night before. Then 
Hansen, dubbed NASA's top climate ist 
by the media, shouted “Fire!” in the crowded 
theater; “With a high degree of confidence,” 
he declared, greenhouse warmi 


arrived, Although many of his colleag 
agreed, none chimed in with support: they 
could not share hi mt 
dence. Still, Hansen's lone authoritative vo 
was enough to send the media into a years- 
Jong brouhaha over global warming. 

‘That uproar quieted within a few years, but 


Hansen, sill the director of NASA Goddard 
Institute for Space Studies (GISS) in New 
York City, finds himself at the head of an 
informal movement to again rouse the public 
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and policymakers. This time he worries that 
sea level could rise several disastrous meters 
by the end of the century. as the warming he 
jealded sends the great ice sheets rumbling 
toward the sea. If nothing is done to rein in 
sas emissions, he say 
that you could keep se: 
rise undera meter.” Then the sea would flood 
many kilometers inland along the world’s 
low-lying coasts, from Florida to Bangladesh, 

That was Hansen's warning to Congress 
in late April, but it’s not the message that 

ime out of the U.N’ Intergovernmental 
Panel on Climate Change (IPCC) in early 
February. Many news reports gave the 
impression that the prestigious international 

sessment actually downgraded the risk 
of imminent sea-level rise to a small frac- 
tion of a meter. 

So Hansen seems to be out ona limb, 
again. This time, however, he’s got company 
No longer reticent, other scientists are going 
public about how bad things might get by the 


end of the century. “The IPCC has been 
overly cautious in not wanting to give any 
large number to [future] sea-level rise.” says 
climate researcher Stefan Rahmstorf of the 
Potsdam Institute for Climate Impact 
Research in Germany. 

Scientists are still trying to strike a bal- 
ance between their habitual caution and 

owing concern over uncertain but disas- 
trous greenhouse outcomes, “Most se 
tists don’t want to, but I think we need a way 
to explore” the extreme end of the range of 
possibilities, ciologist Robert 
Thomas of NA: 
Wallops Flight Facility in V 
says scientists need “a better way” th 
IPCC’s consensus approach, “so we 
communicate with the public without 
becoming searemongers.” 


Naturally cautious 
‘Seldom have mainstream climate scientists 


spoken out about the scary possibilities of 


_wwwesciencemag.org 


ulobal warming, “Most people [in the field] 
realize this really is an extremely serious 


in sea-level rise, says 
understands just why the 
land and West 
Antarctica have aecelerated the 

sea in recent years (Science, 24 N 
p. 1698), Will the 
Speed up? Slow down? Stop? In the face of 
such 


problem we're facin, 
Thomas, But no on 


great ice sheets of Gree 


slide to the 
rch 2006, 
jon continue’ 


certainty, most climate scientists have 
traditionally let IPCC speak for them, When 
they've gone public, it was usually to counter 
greenhouse contrarians a 
inconsequential warming with trivial impacts. 


guing for an 


In the latest report, its fourth since 1990, the 
IPCC spoke for scientists in acalm, predictably 
conservative tone (Science. 9 Febriary. p, 754). 


Itis, after all, an exhaustive, many-tiered 
ent of the state of climate se 
based exclusively on the published literature, 
In IPCC’s Working Group I report on the 
physical science of climate, 600 authors con- 
tributed to an I L-chapter report that drew 


assessn 


‘A goner? Greenland’s ice has been accelerating 
toward the sea lately, and no one is sure why. 


30,000 comments from reviewers. The report 


was in turn boiled dow 
“Summary for Policymakers” (SPM). Its cen- 
tral projection of sea-level rise by the century's 
end—0.34 meter—came within 10% of the 
2001 number. And by 


to a 2I-p 


the upper limit of its projected range, from 
0.89 10 0.59 meter. 
The SPM did add that “ta 


sea-level rise] cannot be exclude 


alues fof 
Whatever 
has accelerated ice-sheet flow to the sea, the 
t really take off with further 
or not, “Understanding of the 
effects is too limited” to put a number on what 
might happen at the 
concluded. Lackin 
With the comforting 0.34-meter 


report said. n 


ighend of sea-level rise, it 
such a number, the media 


tended te 
projection or 
‘Some scientists believe IPCC did as well 


nore sea level altogether. 


as it could in assessing the sea-level threat 
‘Since 2001, nature has revealed some pretty 
ble behavior in the ice sh 

ist Waleed Abdalati of NASA's 
ght Center (GSFC) in 
res NASAS 
im, That behavior has 


Goddard Space Fli 


Greenbelt, Maryland, who mana 


ice-observation progi 
included the catastrophic collapse of the 


Larsen B ice shelf—which triggered 


accelerations—and the galloping 
draining the Greenland ice sheet, which have 
doubled their pace, But “we just don’t have 
the capacity to quantify" tl 
behavior, he notes, so “the best you can do is 


sort of ice-she 


point to some red flags. The languag 
SPM does that, if you're lookin 


ged have its limitations, says climate 
sea-level modeler Jona gory of the 
University of Reading, U.K. who coordi- 
ated the production of the sea-level sec 
in the IPCC projections chapter. A predictive 
model cited by IPCC would melt 
more Greenland ice as the air 
warms, he says, because that is a 
well-understood and quantifiable 
process. However, the model 
ude the effect of 


would not incl 
that glacial meltwater hibricating 
the base of the Greenland ice 
sheet. Although researchers have 


seen signs that such lubrication 
speeds the ice sliding into the 
they aren’t yet able to model it. “If 


No longer alone. James Hansen was 3 
lone voice in 1988 but has company 
‘now in the greenhouse spotlight. 
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the 
bers.” says Gregory, “all you can do is make 
numbers up. It wouldn’t be appropriate to 
‘make up numbers.” 

Going beyond such physically based 
for example, by extrapolating from 
past trends. 
either, Gregory says. Lessons taken from how 
~vel rose as the 20th century warmed, he 


re no models to g 


models: 
wouldn't be such a good idea 


says, would be useless in predicting sea-level 
rise in this century if the underlyin 


change. “If you don’t know w 
the re 


is causing 


tionship” between warming and sea 
3s that really a good basis 


for making projections?” 


Abolder assessment 
Scientists are well aware of the hazards of 
straying far from the hard science of climate 
change, but some are eager to change the 
IPCC process and even move beyond it, They 
IPCC gets an 
A+ for scientific assessment,” says climate 
modeler Richard Somerville of the Scripps 
Institution of Oceanography in San Diego, 
2, “but a gentleman's C for commu 
The communication problem is 


would begin with wording 


matter of structure, says peosci 
Michael Oppenheimer of Princeton Univer- 
“All the facts 
report] chapter 


sity there in the [main- 
‘but the SPM didn’t 
tie those facts together in a coherent statement 
of risk that would allow a policymaker to 
make 


Beyond the IPCC’s language, a number of 


climate scientists think the report missed an 
‘opportunity to broaden public appreciation of 
the risk of the most dangerous climate change. 
stand the physics, your 
ger.” says Thomas. That 
nty extends the range of possi- 


bie ice losses to higher, more dangerous levels, 
But IPCC didn’t capture that increased risk 
says climate modeler Michael MacCracken of 


the Climate Institute in Washington, D.C 
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A big part of IPCC’s problem. say 
MacCracken and others, was its strict adher- 
ence to the use of models. By IPCC standards, 
fits not in a model, it's speculation,” says 
Rahmstorf. By ignoring factors that can’t yet 
be modeled, he says, IPCC came up with 
deceptively reassuring numbers. 


‘More numbers 
Although forewarned, some researchers are 
generating numbers for public consumption 
by going beyond physics-based models. In a 
paper published in Sefence in January, too 
late for the IPCC to consider it, Rahmstort 
took “a semiempirical approach to projecting 
future sea-level rise.” He determined how 
much sea level rose in the 20th century per 
year per degree and projected that rate 
‘through the 21st century, with its expected 
‘warming, That projection produced a sea~ 
level rise in 2100 of 0.5 to 1.4 meters above 
the 1990 level, well above the IPCC’s projec~ 
tion of 0.18 to 0.59 meter, 

Then, Rahmstorf and six co-authors, 
including Hansen, published a paper in 
Science on the day the IPCC report was 
released. They pointed out that warming had 
been running toward the high side of IPCC 
projections during the past few decades, 
‘while sea levels rose at the upper limit of 
projections, “These observational data 
nderseore the concerns about global eli- 
mate chang the authors wrote, IPCC had 
clearly not exaggerated sea-level rise, they 
said, and may even have underestimated it. 
Reinforcing their message, news stories 
published a few days before the IPCC 
report’s release quoted Rahmstorf and other 
scientists lamenting 
the expected short 


projections. 

That was more 
‘media attention than 
suited some 
researchers 
‘wespeak to the public, 
‘we should not rely on 
the new result.” argues 
§ Hans von Storch of 
J the GKSS Institute for Coastal Research in 
3 Geesthacht, Germany. “The newest results are 
§ not necessarily the best ones. The IPCC 
: should represent a certain filter. That every 
i 
a 


taxicab driverknows about [the latest result] is 

abit premature” 

entists would have IPCC reach 
even farther back to try to deal with “factors 

§ that you don’t understand” as MacCracken 

& puts it, He notes that paleoclimatologists and 

§ geologists have extracted records of ancient 


wwwsciencemag.org 


“IPCC gets an A+ for 
scientific assessment, 
but a gentleman's C 
for communica’ 
—Richard Somerville, 
Scripps Institution of 
Oceanography 


sea level fortimes when Earth 
was warmer or colder than 
today. In the case of the 
penultimate warm inter- 
glacial 120,000 years ago, 
the globe was only about 1°C 
warmer—a temperature we 
could reach by 2100—but 
sea level was 4 to 6 meters 
higher. Even though that 
warmth had millennia to 
shrink the great ice sheets 
back then, MacCracken says, 
history still suggests that t 
world’s ice is more vulnerable 
than IPCC’s modeling implies. 


‘Another way 
Gregory calls projections drawing on such 
studies “a scientific hunch.” Hansen 
prefers “insight.” but whatever it is called, 
Hansen says, you won't find much of it in 
an IPCC report, IPCC “overall does a good 
job.” he says, but “there are limitations on 
that process. Everybody in [sea-level] 
research is much more concerned than 6 or 
7 yearsago” when the previous report came 
out, he says: yet the latest message from 
IPCC was seemingly unchanged. “There is 
arole for something in addition. 

As an example of an alternative to the 
IPCC report, Hansen cites the U.S. 
National Academy of Sciences’ climate 
change report of 1979. Chaired by the late 
meteorologist Jule Charney, then at the 
Massachusetts Institute of Technology. the 
small committee delivered, among other 
things, a best estimate and range for the 

sensitivity of climate to 
greenhouse gases, a central 
figure in climate science. 
IPCC never ranged far from 
those number ear 
in.” it confirmed them. “There 
were huge uncertainties 
back then.” says Hansen, 
“yet the Charney report 
‘came up with an estimate by 
coming at it from different 
angles. That's what you need 
to do with sea level.” 

Hansen practices a multipronged 
approach himself. With colleagues at GISS, 
he draws on several lines of evidence 
climate modeling, recent observations, 
paleoclimate records, and the basic physics 
of the greenhouse—to “gain insight into 
how the world works.” That approach 
helped him to see greenhouse warming 
under way in 1988, he says. Now it is reveal- 
ing positive feedbacks in the ice-climate 
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‘Asymmetry. The dimate debate has focused on problems judged most 
likely (center) of least damaging (eft), but the greatest risk may be at 
the extreme (right, 


system that can allow modest warming to 
accelerate losses from the ice sheets. The 
‘world is on a “slippery slope,” Hansen has 
written, that could lead to meters of se 
level rise in the next century or two unle 
people take immediate actions to cut gr 
house gas emissions, 

As in 1988, Hansen's pursuit of such 
insights has put him at odds with many in 
the climate community. “Maybe he’s still 
within the error bars.” says glaciologist 
Robert Bindschadler of GSFC, but “I’m 
not prepared to put centuries on [the tim- 
ing] rather than millennia.” No mauer. 
Hansen has again taken to the bully pulpit 
as NASA’s top climate scientist, publishing 
in peer-reviewed journals, testifying to 
Congress, writing op-ed articles, and 
appearing in documentaries, Only last 
‘week in a GISS press release announeing a 
new publication, Hansen warned of disas- 
trous effects— including increasingly rapid 
sea-level rise—if greenhouse gas emis- 
sions continue apace for even a couple 
more decades. And a few days later, he took 
his boss, NASA Administrator Michael 
Griffin, to task for publicly questioning the 
need to tackle global warming. Hansen's 
take: “remarkably uninformed. 

Besides a streamlined IPCC process and 
individual scientist activism, Oppenheimer 
sees another approach: using expert elicita- 
tions to broaden the assessment of uncertainty, 
This survey technique grills selected experts in 
private on the state of the science. Without the 
drive to reach a consensus, the experts “give a 
different view of the probability of various 
outcomes.” says Princeton's Oppenheimer. 
and other methods will be 
. “You really need a broad, 
thorough, and comprehensive assessment of 
‘uncertainty and risk.” he says. “There isno one 
answer to the assessing of uncertaint 

“RICHARD A. KERR 
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ALZHEIMER'S DISEASE 


A New Take on Tau 


The search for drugs to combat neuron-destroying diseases is prompting researchers 


to take a fresh look ata familiar suspect 


When it comes to combating Alzheimer's 
disease, neurobiologists need all the help 
they can get. So far efforts to develop drugs 
that halt or reverse the relentless brain 
degeneration caused by the disorder have 
met with only modest success. The few 
approved therapies slow cognitive decline, 
but only temporarily, possibly because they 
don’t target the root cause of the disease, 
Drugs that may do that are in the 
pipeline, however. They're aimed at reduc~ 
ing production of amyloid beta (AB), a pro- 
twin fragment thought to be the insti 
the nerve cell death driving Alzheimer's dis- 
ease (Science, 3 November 2006, p. 781). 
And now researchers are taking a closer 
look at another possible target, a protein 
called tau that is involved in the pathology of 
a number of neurodegenerative diseases, 
including Alzheimer's. 
‘Tau has taken a back seat to AB for the 
past several years, but recent work with ani- 
‘mal models and with cells in lab culture sug- 
gests that focusing on tau could pay off. 
‘Treatments that reduce the formation within 
jin mutant taus, of even of 
the normal protein itself, can alleviate mem- 
ory loss and other neurological deficits in 


mice that have been genetically engineered 
to develop brain pathology similar to that in 
human Alzheimer's brains. 

Although a lot more work will be needed 
before any of these early experiments pay 
off in the clinic, tau researchers are more 
‘optimistic than before. The findings “open 
up a new potential [Alzheimer’s] treatment; 
reducing tau might complement the anti- 
amyloid strategy.” says Lennart Mucke of 
the University of California, San Francisco, 
School of Medicine, whose lab is among 
those doing the work. 

‘And big pharma is taking note as well. 
For example, Merck & Co. Inc. has just 
hired Michael Hutton, a tau researcher at the 
Mayo Clinic in Jacksonville, Florida, to 
head up a new effort to develop tau-based 
drugs for Alzheimer's disease. “I'm putting 
my money where my mouth is.” Hutton says. 
“I do think tau is a great therapeutic target” 


Tau resurgent 

For more than 20 years, neurobiologists 
have known that both AB and tau are promi- 
nent in the abnormal structures that stud the 
brains of Alzheimer's patients: AB is located 
led plaques that form outside 


When tau goes bad. In 3 normal neuron (top), tau stabilizes the microtubules (blue lines) that transport 
‘materials to the nerve terminals. But in Alzheimer’s disease, tau loses its ability to bind to the microtubules 
and forms abnormal aggregates. The microtubules degenerate, impairing neuronal function. 
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dead and dying nerve cells, whereas tau 
appears inside neurons in a mesh of proteins 
called neurofibrillary tangles (NFTs). For a 
time, a controversy raged about which pro- 
tein causes the brain neurons to degenerate, 
The tide began to swing in AB's favor after 
the discovery about 16 years ago that muta 
tions in the APP gene, which makes the 
larger protein from which AB is clipped, 
cause some hereditary Alzheimer’s cases, 

Indeed, no mutations inthe tau gene have 
ever been linked to the disease, and today even 
many tau experts concede that AB-linked 
abnormalities initiate brain neuron loss. 
“There's no douts that AB [toxicity] is fairly 
early event in Alzheimer’s disease pathology 
and that tau is likely downstream,” say 
Christopher Eckman, also at the Mayo Clinic 
in Jacksonville. 

But tau researchers got a boost about 
10 years ago, when several teams found that 
‘mutations in the gene for the tau protein cause 
some cases of a less common but devastating 
dementia known as FTLD (for frontotemporal 
lobar degeneration). This discovery showed 
that abnormal forms of the protein can eause 
nerve degeneration and as a result, memory 
Joss and other neurological deficits. The work 
also buttressed the ease that counteracting 
tau's effects might help Alzheimer’s patients, 
“Focusing on tau [for Alzheimer’s therapy] 
makes perfectly good sense.” says Zaven 
Khachaturian, semior science adviser to the 
Alzheimer’s Association in Chicago, Illinois. 

In the past few years, researchers have 
begun to test the idea of t i 
Various mouse models of Alzheimet 
ease. The most recent example, des 
the 4 May issue of Science (p. 750), comes 
from Mucke’s group. These res 
used a genetically altered mouse strain that 
carried a mutant human APP gene and vary- 
ing numbers of the mouse tau gene—ci 
zero, one. or the normal complement of two 
copies. Because these mice carry the mutant 
APP gene. all their brains developed strue- 
tures resembling the amyloid plaques of 
Alzheimer's brains. But as is commonly 
‘seen in such modified mice, none had tan- 
gles or neuron loss, 

Mucke and his colleagues found that, as 
the animals aged, those with two tau gene 
copies became impaired in their ability to 
learn the Morris water maze, which requires 
that the animals find an underwater platform. 
Animals with one copy were less impaired, 
whereas those with no tau gene learned as 
readily as normal controls did—resultsindi- 
cating that the absence of taut somehow pre- 
vents the behavioral deficits that would other- 
‘wise occur in animals with mutant APP. 


i} 


Yet the tau reduction had no effect on AB 
deposition. The animals lacking tau “had 
brains full of amyloid plaques but could 
solve the water maze in a snap,” Mucke says. 
Further work indicated that tau might con- 
tribute to neuronal malfunction by making 
brain neurons hyperexcitable, which can 
ultimately Lead to their death, 

Other researchers have also found that 
reducing tau can alleviate memory loss in 
‘mouse models. For their experiments. a team 
led by Karen Hsiao Ashe of the University of 
Minnesota Medical School in Minneapolis 
and the Mayo’s Hutton created a strain of 
mice bearing a mutant human tau gene com- 
bined with regulatory sequences that 
allowed it 10 be turned off by the antibiotic 
doxyeyeline. As the researchers reported 
about 2 years ago, as these mice age, they 
accumulate NFTS in brain neurons where the 


tive. 
the animals® brains shrink as 
sand the mice show 

marked deterioration in theirability to learn 
the water maze. But suppressing expression 
of the mutant tau gene with doxyeyeline 
improved the animals’ memories and halted 
the neuronal los ting NET 
accumulation (Science, 15 July 2005, p. 476). 
Last year, Frank LaFerla and his team at 
the University of California, Irvine, reported 
‘on a mouse model that they engineered to 
develop both pl eles. Treatment 
with two antibodies, one directed at AB and 
the other at tau, preserved the animals’ abil- 
ity to learn, Both antibodies were needed. “If 
‘we reduice AB without reducing tau, we don’t 
improve [the animals” learning and memory 
behavior,” LaFe 


tau gene 


But which tau? 
In addition to showing that tau can play a 
role in cognitive decline, these studies also 
shed light on what Hutton calls a “massive 
uncertainty”: What form of tau damages 
neurons? Identifying the culprit could be 
important for guiding efforts to develop 
therapies: those trying to stop AB buildup, 
for example. continue to wrestle with 
whether to target soluble or insoluble 
For most of the 100 years since Alois 
Alzheimer described the plaques and tan- 
gles in his patients’ brains, researchers 
focused on the tangles with their insoluble 
tau as the species at fault. But Ashe and her 
colleagues found that when they turned off 
tau formation in their animals, NTs con- 
tinued to accumulate despite the other 
improvements, Similarly. the LaFerla team’s 
antibodies were directed at soluble tau as 
well as soluble AB and did not reduce 
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plaques or tangles. Some form of tau 
“before the tangles [develop] is causing the 
memory problems.” Ashe concludes. 
Further evidence that a nontangle form 
of tau causes neuronal damage comes from 
Virginia Lee, John Trojanowski, and their 


colleagues at the University of Pennsylva- 
nia School of Medicine in Philadelphia. 
When these researchers tracked the changes 
in brain neurons in mice bearing a mutant 


{Inflammatory tink. A mouse brain (bottom) bearing 
‘a mutant human tau gene shows extensive microglial 
cel activation at 9 months (yellow to red color). The 
brain at top i from a 9-month-old contro 


tau gene, they found that the synapses, 
which are the connections between neuron 
deteriorated at 3 months of age—long 
hefore NFTs appeared. 

By this same early age, microglial cells, 
the brain's immune cells. became activated. 
presumably duc to the presence of the mutant 
tau, the researchers reported in the February 
sue of Neuron. This suggests that the 
microglia might be contributing to the ne 
ronal damage by causing inflammation—an 
idea that got a boost when Lee, Trojanowski, 
and their colleagues treated the animals with 
aan immunosuppressant. “We delayed every- 
thing.” Lee says. “The tangles decreased, the 
neuronal loss decreased, and the animals 
lived longer” These results tie in with other 
evidence suggesting that inflammation plays 
a role in Alzheimer’s etiology and that anti- 
inflammatory drugs might help. 

Still tau abnormalities could contribute in 
other ways to neuronal degeneration and 
these. too, suggest therapeutic strategies. 
‘Normal tau bindsto, and stabilizes, the micro- 
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tubules, which run through the neuronal axon 
and help transport nutrients, proteins, and 
other materials back and forth between the 
cell body and the synapse. For reasons not yet 
understood, tau becomes excessively phos- 
phorylated in Alzheimer’s brains and as a 
result no longer binds properly to the micto- 
tubules. The microtubules in tum deteriorate, 
ultimately leading to nerve cell death. 

‘Some drugs, including the taxols used to 
treat breast cancer, stabilize microtubules. 
About 2 years ago, Lee. Trojanowski, and 
their colleagues showed that one of these 
<drugs, paclitaxel, improved axonal function 
and ameliorated the neurological problems 
of mice carrying a human tau gene, Lee 
notes, however, that the taxols and other 
ricrotubule-stabilizing drugs kill dividing 
cells and are thus too tox y 
Jong-term use. Her group is currently work~ 
ing to develop less toxic taxol derivatives. 

Other researchers are taking a different 
tack, aiming to inhibit the kinases that add 
phosphates to tau. Some of these have shown 
promise in animal models. For example, 
Hutton’s team, working with that of Hanno 
Roder at Sirenade Pharmaceuticals in M: 
tinsried, Germany, found that an inhibitor of 
led ERK2 reduced the excessive 

ation occurring in mice car- 


Similarly, LaFerl 
have evidence from their mouse model that 
interventions thought to be protective 
against Alzheimer’s disease, including 
learning interventions and dietary intake 
of omega-3 fatty acids, might work partly 


and his colleagues 


by decreasing levels of enzymes that phos- 
phorylate tau, But at least in their model, 
AB reductions also appear to be necessary 
for neurological protection, 

All of this work in mice raises the obvi- 
‘ous question of whether the results are rele~ 
vant to Alzheimer’s disease and other so- 
called tauopathies such as FTLD, But there 
is at least one hint that inhibiting tau phos 
phorylation could help people afflicted by 
the conditions. The drug memantine is one 
of the few approved for treating Alzheimer’s 
disease. And although it wasn’t designed to 
inhibit phosphorylation, Khalid Iqbal and 
his colleagues at the New York State Insti- 
tute for Basic Research in Developmental 
Disabilities on New York's Staten Island 
have evidence from cell studies that the drug 
decreases tau phosphorylation and inhibits 
neurofibrillary degeneration, “I don't under- 


stand.” Igbal says, “how anyone can think 
about Alzheimer’s and not think about ta 
“JEAN MARK 
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SMALLPOX VACCINE 


A Tame Virus Runs Amok 


The massive response that saved a child from a rare infection demonstrated the 
strength of U.S. medicine—and the vulnerability of U.S. biodefenses 


On 3 Mareh, doctors treati 
boy in a Chicago hospital were 
the angry rash that covered his body. They 
checked out the usual suspects—chickenpox 
and herpes simplex, which can have serious 
consequences for children, like this one. 
with eczema, But lab tests ruled out both. AS 
the rash worsened days later, forming ring 
like, indented pustules on half of the boy's 
body, the hospital’s staff learned that the 
father, a soldier in lrag, had been vaccinated 
for smallpox several weeks before. The 
cine—or contact with recent vaccines 
can trigger a life-threatening rash in people 
with eczema, one that looks much like 
smallpox itself 

What happened next was a race 
straight out of a TV medical drama. Doc- 
tors and at least two dozen outside 
experts, includin, an of the small- 
pox eradication campaign, worked around 
the clock for days to diagnose and treat 
the boy’s disease, known as eczema vacei- 
nnatum, Ultimately, they made a bold deci- 
sion to try an experimental drug: it may 
have helped save the child’s life. Today, 
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despite severe skin loss, the boy is back at 
home in Indiana, healthy except for possi- 
ble scarring where the pustules formed. 
The incident, described in the 18 May 
issue of Morbidity and Mortality Weekly 
Report (MMIR), offers a mixed view of 
US. efforts to defend against a bioweapons 
tack, had this been the first in a wave of 
smallpox cases. On the one hand, a half 
es deserve 
er to diag 
a mysterious infectious dis- 


ease. The experimental drug was devel- 
oped with funds from the U.S. biodefense 
research program. But as a test of how 
quickly the system might contain a dis- 
pod: If the 
by areal 


ease, the results seem not so 
boy’s illness had been cause 


smallpox release, notes poxvirus program 
chief Inger Damon of the Centers for 
Disease Control and Prevention (CDC) in 
Atlanta, Georgia, there likely would have 
been casualties 
The MMIFR report also highlights the 
risks of the Department of Defense 
(DOD's) smallpox vaccination program, 


Mass campaign. DOD has given the smallpox 
vaccine to 1.2 million US. soldiers. 


which uses a vaccine formulation that many 
consider outmoded (Science, 20 December 
2002, p. 2312). Moreover, the soldier 
should not have been vaccinated, the 
MMIVR report says, “It does not mean the 
program is broken,” because the nite of side 
effects has been very low overall, says 
infectious-disease physician Luciana Borio 
of the Center for Biosecurity at the Univer- 
sity of Pittsburgh in Pennsylvania, but the 
incident underscores the need for safer 
vaceines, which are now in the works. 


Live virus 

The current smallpox vaceine is an old for- 
mulation made with live vaccinia virus, & 
relatively ben of the variola virus 
that causes smallpox, Serious side effects in 
nts and children 


immunocompromised p: 
are rare but well-known; former chancellor 
of the University of Colorado Health Sei- 
ences Center Vincent Fulginiti, 75, an expert 
con these adverse events, saw eczema vacei- 
natum cases often in the 1960s through 
1972, when children were routinely immu- 
nized for smallpox 

Afier wild smallpox was declared eradi- 
cated in 1979, vaccinations continued only 
for members of the US. military. They had to 
be protected, the government decided, 
because they might be the first to encounter 
the lethal virus if secret stocks were 
deployed by an enemy. That program ended 
in 1990. In 2002, however, in the wake ofthe 
post-9/11 anthrax attacks, the Bush Admin- 
istration resumed vaccinations for soldiers, 
but included sereening so that people at risk 
for side effects would be excluded. 

Why the father of the Indiana boy was 
not screened out is not known, Before he 
\was vaccinated in January in anticipation of 
deployment to Iraq. he had received an edu- 
cational pamphlet and briefing warning 
about possible side effects. He was also 
given a form asking whether he had a his- 
tory of eczema, which he did, People with 
this skin condition or those who have house- 
hold contacts with it are not supposed to 
receive the smallpox vaceination. For pri- 
acy reasons, DOD declined to disclose the 
soldier's answers on the screening form. 

Then. in February, when his deployment 
was delayed, the soldier made a visit home. 
Although a scab from the vaccination had 
fallen off, he later told DOD, he kept the 
site covered as instructed. In late February 
his 28-month-old son, who also had 
eczema, developed a fever and rash. On 
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3 March, after his family visited an Indiana 
emergency room, the child was transferred 
to Comer Children’s Hospital, part of the 
University of Chicago in Ilinois. 

Doctors there took skin samples from 
the child and tested them for herpes and 
varicella: the tests were negative, Mean- 
while, the lesions had spread over about 
80"% of the child's body and had worsened: 
Each pustule was circular, witha dimple in 
the middle, says University of Chicago 
pediatric infection physician John 
Marcinak, who coordinated the boy's care 
Another viral culture tested positive for an 
unidentified virus, On 7 March, Marcinak 
he and pediatric dermatologist Sarah 
Stein, who by this time had been told of the 
father’s vaccination, began to suspect ¥ 
nt, ital f 

Mareinak and colleague Surabhi Vora 
contacted CDC, which set up conference 
calls with various CDC and Army experts to 
analyze digital photos. The Mlinois Depart- 
ment of Public Health also supplied poly. 
in reaction tests of skin serapings 
child and his mother, who had 
developed a milder rash. Those tests showed 
the presence of a poxvirus, At that point, 


says Fulginiti, who was on the daily calls, he 
knew “it was eczema yaceinatum:” 
The Chicago doctors began the standard 


{reatment, injecting vaccinia immune glob- 
ulin, or antibodies from people given the 
vaccine, which a U.S. marshal 
had hand-carried on a flight 
from CDC's biodefense stock- 
The boy was given nar- 
s for sedated, and put 
on a ventilator. Two days 
his condition worsened, 
‘weren't sure he was going to sur- 
vive,” Mareinak says. Next, hi 
team tried a second-line drug, 
cidofovir, normally stocked by 


hospitals for AIDS patients with 
cytomegalovirus eye infections 
but approved by the U.S. Food 


and Drug Administration (FDA) 
off-label for complications from 
¢ smallpox vaccination, Cidofovir 
8 seemed to be of limited help: the 
3 boy's abdomen had filled with 
fluid and his kidneys were fail- 
H 


ing, a condition that could have 
been exacerbated by the second drug 

On the next conference call on Saturday, 

10 March, CDC's Damon suggested one 

more thing: an experimental smallpox 

antiviral drug, ST-246. “The condition of 

§ the child on the weekend was just so grim.” 

§ Damon says, that they wanted to try any- 
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thing that might give him a chance. 

The drug had first been discovered 
through a routine small-molecule screen 
for compounds that inhibit poxviruses. It 
had later been improved, reducing toxicity. 
With funding from the National Institutes 
of Health’s biodefense program, SIGA 
Technologies Inc. in Corvallis, Oregon, 
reported last year in experiments at CDC 
that ST-246 protects monkeys against vari- 
ola infections; it has also conducted a phase 
{ clinical safety trial. Hours after Damon 
suggested using ST-246 that Saturday, FDA 
approved emergency use of the drug to treat 
the sick boy 

That night, SIGA Chief Scientific OMi- 
cer Dennis Hruby tucked a vial in his 
pocket and flew to Chicago from Corvallis 
in a private jet paid for by billionaire 
Ronald Perelman, an investor in SIGA. The 
boy got an initial dose through a stomach 
tube Sunday morning. “The next day, he 
started to slowly get better.” Marcinak says. 
He also received skin grafts. 

On 7 April, the boy moved out of the 
intensive care unit into regular bed; 12 days 
later, he went home. “He looks very good 
right now.” says Mareinak. The grafts are 
heating well, he says, but itis 00 soon to tell 
‘whether he will have searring. 

Researchers say they may never know 
‘exactly what saved the boy's life because he 
receiving three drugs (cidofovir lingers 


Poxvirus’s mark. These lesions broke out ona 2-year-old boy after he contracted 
‘vaccinia from his father and developed eczema vaccinatum, a rare side elect. 


in the body fora week) as well as extraordi- 
nary medical care. Moreover, analyses of 
daily blood samples that could reveal when 
virus levels dropped have been inconclusive 
so far, Damon sty he adds. “I think it 
[ST-246] was certainly a component” in the 
boy's recovery. 


NEWSFOCUS L 


ceived $16.5 million from the 
National Institute of Allergy and Infectious 
Diseases last fall t conduct further clinical 
trials and scale up production of ST-246, 
But whether the federal government will 
eventually purchase ST-246 for the bis 
defense stockpile is not known, Borio says. 


Adequate screening? 
‘Some public health experts are now raising 
questions about DOD's procedures for 
idemtifying soldiers for whom the smallpox 
vaccine is too risky. But others say DOD, 
which has excluded 116,000 of 1.3 million 
potential vaccinees, has done a good job. 
Overall, side effects have occurred at "a 
much, much lower rate than would have 
been expected,” says vaccine expert John 
Modlin of Dartmouth Medical School, 
including the one eczema vaceinatum case 
and 61 cases of mild vaccinia rash in con- 
cts, But the Indiana ease is “a very impor- 
tant reminder that we can’t become lax 
about screening,” he says. 

Dryvax, the old vaccine, apparently has 
other side effects as wel, including myoperi- 
carditis, inflammation of the heart, which has 
occurred in 140 soldiers so far, Most people 
recover, says Modlin, but in a few, heart 
‘muscles may be permanently weakened. 

‘Anew vaccine produced by cell cultures 
‘was supposed to be slightly safer. But data 
presented last month to the FDA vaccine 
advisory panel by the manu 
turer, Acambis in Cambridge, 
UK.. suggest a comparable rate 
of myopericarditis eases, says, 
Modlin, pane! member, Although 
the panel found the vaceine sat 
and effective for the U. 
pile, “in my view, [the myoperi- 
carditis risk] should” prompt 
DOD to conduct a new risk- 
benefit analysis. 

Itis sobering to consider 
\what might have happened if the 
Indiana boy’s rash had been the 
first case in a wave of smallpox 
cases from a bioterror attack. 
The intense response—more 
than 20 experts on daily confer- 
ence calls for a month—could 
not have been sustained for 
dozens of patients or more, 
Damon notes. The current system would 
have been overwhelmed “if 10,000 people 
had had an [smallpox] infection,” say 
Hruby. That's why it is so important, he 
says, to develop standard therapies that ¢ 
be tested in advance and kept on the shelf. 

~JOCELYN KAISER 
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Black Holes: Galactic 
Homehodies? 


Rogue black holes hurtling through space 
may be nothing to worry about, a new analy- 


hole to escape its 
sis concludes black holes. 

When galaxies collide, the black holes at 
their cores should eventually men 
Jent collision, imparting a high-velocity kick 
that might shoot th J black hole 
ut ofthe joined galaxies. In ft, event sim- In 
ulations have suggested that the recoil veloc- 
sionally reach 3000 kilometers 
ough for the black 


of the Observ: 
collaborators at t 


ity coutd 06 


per second, more than et 


alaxy 
searches do not find galaxies without central 
“When we actually look around 
at galaxies, all galaxies appear to have black 
es,” siys Christopher Rey 
versity of Maryland, Colley 


aren't there these empty 
new search for blac 
y from their host galaxies, Erin Bonn 

oire de Paris, Meudon, and 
¢ University of Texas. 


27-31 MAY | HONOLULU, HAWAII 
Austin, examined 2600 quasars cataloged by 
the Sloan Digital Sky Survey. Quasars are 
fountains of energy powered by supermassive 
black holes at the centers of distant galaxies, 
A black hole being ejected trom its host 
galaxy would drag some of the surrounding 
‘matter with it and would retain its quasarlike 
appearance. But the quasar’s extra motion 
‘would make its redshift differ from that of the 
galaxy, The survey saw no convineing evi- 
dence for such shifts, the astronomers said at 


the meeting. 

For some reason, we do not get large 
kicks in quasars; 
interesting nondiscovery.” 


said Boning, “This is an 


Astrophysicists at the University of 
Maryland, College Park, presented a possi- 
jon for the lack of lange kicks. 
The simulations forecasting high-velocity 

black 
spin 


ejections assume that the merging 
holes are spinning rapidly, with the 
axes in the same pla 

orbits, According to the: 


ravity. Yet 


eas their gal 
models, configu- 
the final black 
hole out of the merged galaxies should oceur 
in about 10% of galactic collisions 


rations capable of kickin 


olds of the Uni- 


Park. “So why 


But such a spin orientation is unlikely to 


te 
holes 


persist thro: 
Tama 
leas 


ghout the merger process, 
a Bogdanovie and her Ma 
1es reported at the meeting. In gas-rich 
merging galaxies, their analysis showed, 
bedded 


Exoplanet Jackpot Shows Astronomers Are Looking for Worlds in All the Right Places 


‘As news stories go, finding a new extrasolar planet is now about as surpris: 
ing as another athlete arrest or celebrity trip to rehab. But recent, rapid 
increases in the number of known exoplanets have begun to reveal some 
‘noteworthy patterns, with implications for understanding the formation of 
planets and the prospect for life on some of them. 

Planets around distant stars typically betray their presence when 
astronomers observe wobbles in stellar motion induced by the subtle tugs 
of the planet’s gravity. Until recently, the search for such wobbles focused 
‘mostly on stars similar to the sun, Now surveys of other star types, from dim 
red dwarfs to massive subgiants, are showing that all varieties of stellar 
patents produce planetary offspring. 

"Every sort of star we've looked at has a planet of some so 
Boss of the Carnegie Institution of Washington, 

AA the meeting, planet hunter Jason Wright of the University of Califor 
nia (UO), Berkeley, noted that 28 newcomers have been added to the plan. 
etary roster in the past year, bringing the total to 236. Of the recent addi 
tions, four orbit “A stars,” said UC Berkeley's John A. Johnson. 

{In general, Astars, which are more than 1.3 times the mass of the sun, 
‘are poor candidates for planet searches, as their high temperatures and 
rapid spins make it hard to get precise velocity measurements by measur 
ing shifts in the color of the light they emit. But as A stars age, they evolve 


* says Alan 
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into “retired A stars,” expanded subgiants with cooler temperatures and 
slower spins, making planet detection more feasible. 

Using the Keck Observatory in Hawaii and the Lick Observatory in Cat 
fornia, Johnson and collaborators scanned 150 subgiants, adding the four 
planets orbiting retired A stars to the six that had been discovered previ 
‘ously. The 10 A-star planets orbit at greater distances than planets of sun: 
like stars do, Johnson notes. All but one are farther from their parent 
stars than Earth is from the sun, and none is loser than 80% of the Earth: 
sun distance. 

“This is very intriguing,” Johnson said. “It’s probably telling us some 
thing about how planets migrate from where they were bom in closer tothe 
star and how stellar mass affects that migration process.” 

Astars also appear more likely than other stars to possess Jupiter-sized 
planets. Jupiters are found in orbit around 4% to 5% of sunlike stars; 

% to 9% of retired Astars have them, Johnson sai. 

Such findings hint that increased attention to A stars could further 
inflate the planetary lineup. “They're twice as likely to have a planet as a 
sunlike star,” says Johnson. “This means that there's probably a treasure 
trove of planets waiting for us around these retired A stars.” 

On the lightweight side of the solar-mass divide, smaller, dimmer stars 
known as red dwarfs, or M stars, have also begun to attract more attention 


w.sciencemag.org 


ina spinning disk of gas that will twist their 
axes until the black holes are spinning 
upright. As a result, the kick velocity after 
their merger will be less than 200 km per 
second, far short of the speed required to 


escape the merged galaxies" gravity. 
jection should not be common in such 


cases,” Bo 


Jaxies might still 
eject black holes with high velocities, she 
says, But without surroundin, ve off 
radiation, such wandering black holes would 
be extremely difficult to detect 


Another possible explanation for the miss 
ing rogue black holes is that they are not ini- 
tially spinning rapidly enough to be ejected, 
but that seems unlikely, said Reynolds. A s 


vey of black hole spins, reported by Maryland 
graduate student Laura Brenneman, found a 


the 


range of spin rates, some approachi 


maximum possible spin velocity 

“So the logic: Reynolds said, 
“is that something upsets the orientation of the 
black holes as they are merg 


possibility 


‘Pristine’ Galaxy Gives 
A Glimpse of Purity 


A small but spe 
toward the Andro 
astronomers some 


sdy dwarf galaxy hurtl 
haxy hi 
assurance about their 


provided 


favorite model of galaxy formation, along 
with hope for improved understanding of 


from planet hunters. A recent media frenzy accompanied news of a planet 
orbiting the red dwarf Gliese 581 because of its potential habitability 
(Science, 27 April. p.528).The planet's orbit may be locked around its star 
ina way that keeps one side in the sun and one side in the shade, and the 


shady side's temperature may resem 
ble Hawaii’, said Edward Guinan of 
Villanova University in Pennsylvania, 

Guinan and collaborators have 
been studying the long-term habit: 
ability of M-star planets, particularly 
with regard to scray or ultraviolet 
radiation emissions that would 
endanger life. The danger would be 
especially high during the early days 
of the star's life, they reported, 
because young red dwarfs emit fre 
quent stellar flares that would bathe 
nearby planets with deadly radia 
tion. But nascent life on planets with 
atmospheres and magnetic fields 
would be protected from such emis 
sions, Guinan noted, 

Alter about 2 billion years, red 


star formation 

Andromeda XII, discovered in 2006, is 
dim even by dwarf galaxy standards, with a 
brightness of only about 100,000 suns. But 
new results, reported at the meeting, show that 
it is exceptionally fast, falling toward the 
Andromeda galaxy at 281 kilometers per sec 
cond. At that speed. it may be moving too rap- 
idly to be trapped by the gravity of the Local 
Group of galaxies, which includes Andromeda 
and our own Milky W: 

Jorge Peiarrubia of the University of 
a in British Columbia and his col- 
gues established the speed of Andromeda 
XII using the DEIMOS spectrograph at the 
Keck I! telescope on Mauna Kea, Hawaii. (A 


Astrophysical Journal.) The quickt 
of Andromeda XII suggests that it formed 
far from the Local Group and is making its 
first visit, says Pefarrubia. The dwarf’s 


arrival, he adds, fulfills predictions by the 


standard model of 
cold dark ma 
rial that dominates the mass of both dwarfs 
and larger 

Dwarf galaxies contain from 50 10 500 times 


jaxy formation from 
er, exotic nonlu 


as much dark matter as ordinary matte 
Pefarrubia said: “According to cold dark 
matter theory, the dwarfs are building blocks 


axies. If you understand dwa 


the Local Group for the 
XII should be free 


bum their nucle 


Prime location? Slow-burning red-dwart stars might outperform our 
sun as hosts for life-bearing planets. 
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"Andromeda XII is pristine: its prope 
are those it had when it was formed.” said 
P 
homers an unusual opportunity to study 
star formation and dark matter distribu: 
tion, In dwarf galaxies that have already 


Aarrubia, Consequently, it offers astro- 


Passing through. Stars mark confirmed members 
of the Andromeda Xi dwarf galaxy, making is first 
Visit to the Local Group of galaxies 


1 
ay have altered the location 
rk matter and obscured the history of 
TOM SIEGFRIED 
Tom Siegitied is a writer in Los Angeles, California, 


entered the Local Group, gravitation 


tions 


of 
star formation, 


dwarfs settle down into an exceptionally long period of stability, as they 
F fuel slowly and maintain a fairly constant temperature 
{or billions of years. That makes long-term prospects brighter for life on 
‘M-star planets than on Earth, where the sun will become intolerably hot in 


just a few billion years 

“M stars ... are suitable hosts for har 
boring tife,” said Guinan, “Your habitable 
zone will last for 20, 30, 40 bilion years as 
the star's magnetic activity dies down.” 

M stars are the most numerous stars in 
the galaxy, and many are close enough to 
Earth to be available for detailed follow-up 
study, including attempts to directly image 
planets themselves. 

“All these results make the case strongly 
that we're on the right track” for success in 
such imaging missions, said Boss 

“These studies are showing us that the 
frequency of planetary systems is really 
larger than what one might have guessed as 
recently as 10 years or so ago,” he said. 

Planetary systems are not rare oddballs. 
They really are quite common. ts. 
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“We stand by our statement 
that Prentice and those who 


re 


laypeople and cruelly deceive 
patients." 


1422 


OMMENTARY 


RS | BOOKS 


LETTERS 


edited by Etta Kavanagh 


Adult Versus Embryonic Stem Cells: Treatments 


D. A. PRENTICE AND G. TARNE USED THEIR LETTER “TREATING DISEASES WITH ADULT STEM 
cells" (19 Jan, p. 3 
eases” have been “eflectively treated through adult stem cells” (/), Now Prentice 


) to try to defend Prentice’s previous claim that “over 65 human dis~ 
nd Tarne 
say that what he really meant was that adult stem cell treatments for 65 diseases are being 
ATieacy. 


tested for possible 
Clearly, enrollment of an experimental therapy in a clinical trial does not mean that itis an 
effective therapy. The purpose of clinical trials ts, first to establish safety 


second, to docu= 


ment efficacy. Many promising experimental therapies fail when they reach larger Phase Il or 
IL trials, Such isthe case with adult stem cell therapy for heart attacks and br 
conditions for which Prentice and Tarne improperly claimed that adult stem cells provide effec- 
tive therapy [see the Supporting Online Material of our Letter “Adult stem cell treatments for 
July 2006, p. 439 (2)} 

Prentice and Tarne’s Letter perpetuates some of the same fa 
which we took issue in our original Letter. The GDNF infusion 
tument any contribution of stem cells to the apparent imp 


st cancer—1Wo 


diseases 


tations of research with 


1 represer 


Js they referenced do not doc- 
nts in Parkinson's patients. A car 


wer 


ful reading of the cited papers shows that stem cells were not even studied (3, 4). Further, they cite 
report ofa single patient as evidence that bone marrow transplantation can be used to cor- 


ir loss —a condition that remains on their posted list of adult stem cell treatments (5) 


iew published in the Chicago Tribune shortly after our Letter was published online, 
ited that some of his citations were unwarranted, “We've cleaned up that list now.” 
he said, Asked how the errors occurred, Prentice sid. “I think things just got stuck in” (6), 
In their Letter, Prentice and Tarne further disregard scientific accuracy by stating. 
There are currently 1238 FDA- 
approved clinical trials related to 
adult stem cells...” They cite search 
results retumed by the NIH Web site 
lini 


‘epeat his claims mislead 


altrials.gov to support their 
n. However, many of the clin- 


ical trials retrieved by searching for 


“stem-cell” in the therapy category 
1 10 do with stem cell 
therapy and thus overstate the num- 


ber of adult stem cell trials posted to 


—Smith et al, have noth 


that database (7). repeat of Prentice’s search found “system.” “systemic.” “brain stem.” and the 
verb “stem (as in “which stem from”) in the last 10 listings of trials recruiting patients 
(647-656). but no mention of stem cells. The first 10 all relate to the use of stem cell transplants 


to replace blood-forming cells destroyed when chemotherapy or radiation is used as the primary 
treatment of the patient’s disease (8). There are three trials for stem cell therapy in multiple 
sclerosis, but none for Parkinson's disease or spinal cord injury 

Prentice’s erroneous claims are widely used and further embellished by opponents of 
embryonic stem cell research. For example, Focus on the Family set up a Web site last year 
opposing what they called “unproven, unsafe, and unethical experiments” with embryonic stem 
cells, The Web site referenced Prentice’s claims and falsely asserted that patients “have access 


toadult stem cell therapy which currently provides safe and successful treatments for more than 
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70 diseases and injuries.... These 

therapies that are available toda 

We stand by our stateme 

ind those who repeat his cla 
laypeople and cruelly deceive patients. 

SHANE SMITH, * WILLIAM NEAVES,2* 

‘STEVEN TEITELBAUM? 


1026 


re tangible 
, 

that Prentice 

ms mislead 


‘children’s Neurobiotogical Solutions Foundati 
State Street, Santa Barbara, CA 93102, USA. ‘Stowers 
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City, MO 64120, USA. "Department of Pathology 
wnunology, Washington University, 660 South Euclid 
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Willam_Neaves@stowers-instiute org 
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Response 
‘SMITH ET AL. CRITICIZED AN EARLIER COMPI- 
lation of peer-reviewed studies with results 
showing be 


s for patients with 65 condi- 


tions from nonembryonie stem cells. In our 


Letter “Treating diseases with adult stem 
cells” (19 Jan,, p. 328), we thanked them for 
detecting a few technical errors in thislist, but 
added that these do not affect our central 
claim—in fact, such health improvemer 


have now been documented in patients with 
‘over 70 conditions [see the Supporting Online 
Material that accompanied our Letter (/)} 
Innone of these studies do the authors state 
merely that they are a “test” whether 
adult stem cells m fit patients or that 
they have begun “enrollment” in clinical 
trials. Rather, all these studies (including 


1ag.0rg 


“On one point we agree with 


Smith et a/.—t is gravely wrong 
to mislead laypeople and cruelly 


deceive patients.” 


—Prentice and Tarne 


those on breast cancer and heart damage) are 
mpleted trials in which patier 
\with these conditions benefited, 


reports of 4 


They question our reference to the use of 
GDNF for Parkinson's patients. The focus of 
this therapeutic approach was improvement in 
patient health, which was achieved in these 
studies (2-4), rather th 
of GDNF smode of action. However, the 
ing that trophic factors such as GDNF act by 
stimulating endogenous stem cells has existed 
for years, has been demonstrated mal 


models, and has been proposed by several 
authors for tr 


odegenerative dis 
9)]. Regarding the 
patient ease report they criticize, this was 
hardly mere “hair loss,” but rather complete 
remission of alopecia universalis (0) 

We thank them for pointing out the v 
of the NIH search e 
that they only looked at trials currently recruit- 
ing patients, and not the complete list of trials 
hhad chosen a search term similar to that 
used by Dr, Battey, Chief of the NIH Stem Cell 
Task Force, who reported 563 adult stem cell 
clinical trials in 2004 (17). Closer analysis 
shows that currently there are only 1229 trials 
listed at clinicaltrials,gov that are related vo the 
uuse of adult stem cells (/2). Will al the 
automatically translate into safe, reliable, and 
\widely available treatments?’ We do nit know 
That does not mean we should deny or belittle 
the tangible benefits that published approaches 
have already provided to some patients —ben- 
fits that remain lacking from any approach 


eases in humans [e,u., (5 


using embryonic stem cells. To suppress the 
evidence would be a disservice to pat 

In this context, we note that Ne 
Teitelbaum were very prominent in the well- 
funded political coalition designed to amend 
the Missouri constitution in 2006 to authorize 


human embryo cloning and embryonic stem 
cell research. The Web site of this coalition, 
Missouri Coalition for Life-Saving Cures (/3). 
continues to list “more than 70 diseases and 


injuries that could benefit from 
stem cell research.” despite the 
lack of evidence regardin 
bryonic stem cells for such a 
claim and the widespread con- 
sensus that some of these cond 

dis 
ease, are extremely unlikely candidates for a 
stem cell treatment in the future, On ane point 
we agree with Smith er al.—It is 
wrong to mislead laypeople a 


tions, such as Alzhei 


deceive patients. 
DAVID A. PRENTICE!" AND GENE TARNE? 


‘Family Research Counc, 802 G Steet, NW, Washington, 
'0C 20001, USA. D0 No Harm: The Coalition of Americans 
for Research Ethics, 1100 H Sweet, NW, Suite 700, 
Washington, DC 20005, USA 


“To whom correspondence should be addressed, E-mail 
éap@trco1g 


Reterences and Notes 

1. Se Supporting Online Materia at 
vw clencemag og )conentful1129987/0C1; ist 
Also posted at the Web ite of Do Me Harm: The Coalition 
Americans for Research Etis, 
mw stemceleseach 

2 S lowe tol, Mot Med. 22, 703 (2005) 

3.) T.Shevin eta, J Newrosung, 102,216 2005) 

4 SS. Giter ol, Mat Med. 9, $89 (2003). 

5. A Merman eta, Expert Opin. Bio. Ther. 4,131 (2008), 

6 Lime, MS. Rao, J Cell Mol led. 6, 475 (2002). 

7. | Fallon et ol, Proc. Moth Acod. Sel USA 97, 14686 
2000) 

4. 5.5. Magaviet ol, Notre 40S, 951 (2000), 

9. CG Craiget ol, Newosc 15, 2649 (1996) 

10. & Seitert eto, Blod 105, 426 2005) 

11. Coogrestiona Rec, 9 Sep. 2004, pp. H69SS-H69SS, 
12 Using the search ter: sem cel etal search shows lin 
Cal Wl recritng patents: ik Bata upper eft 16 
stow a nas, icing those no Longe reruting 

patients, analyzing each tral ited or relatedness we 
1 ada stelle. Accessed 7 May 2007. Fr a0 analysis 
of eilering results using sia search ers Se ate 
Sin the Supporting Online Material on Science Online at 
ve scencerag optgitantent 3165 8307422600. 

13, See wan misiuricutes comiSineates php (accessed 15 
Ma. 2007) 


Making Singapore a 
Research Hub 


ASA SCIENCE POLICY ANALYST WHO WORKED 
in Singapore for several years, | witnessed the 
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{Z] 30+ years experience 
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[7] Can handle small-to- 
large volumes of work 


[7] Low maintenance, 
affordable and easy 
towork with 
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p.38). Inaddition to the skepticism expressed 
in the article by Lee Wei Ling 
Singapore's top biomedical scientists, about 
the dependence of the nation on the intema- 
tional talent pool for leaders of its biotech 


one of 


effort, Singapore faces other challeng 

First, biotech research is uncertain and it 
can take many years to achieve a bre 
through. Furthermore, advances in under- 
standing pathway’s operating in human beings 
are not automatically translatable into com- 
mercialized, profitable products, It is not 
unusual for a pharmaceutical company to 
spend 10 years and billions of dollars develop- 
ing a new drug. Although improvements in 
drug 
of the screening process, 


automation 


screening technol 


wwe the “hit-or 
discovery process and shorten the develop- 


s may 


ment cycle, pharn 
continue to see high rates of failure and enor- 
Isobe 
whether Singaporeans are ready to embrace 
uncertainties and tolerate failures 
‘Second, the talent challeny 
ily resolved. Sing 


\ceutical companies will 


mousdevelopmentcosts It 


not be eas- 


pore has started using a gov- 


ernment fellowship program to send students 


Don't Let Spreadsheet Programs _ 
Limit Your Choices — 


The Simplest and Most Effective Way 


to Analyze and Graph Data! 


}>SigmaPLOT 


Exact Graphs for Exact Science 


SigmaPlot allows you to: 


FREE interactive demos & 30-day trial software 


available at wwwisystat.com. 
Gall 1-800-797-7401 orerrail info@systatcom 


Preferred by over 150,000 researchers worldwide 


"ve tested other programs, but have never been abe to 
‘make the anme cutty of technical grape ar Bure 
en maka with SHOP. seve Re Hetoeet 


abroad, But it will take at 
normal time for a doctora 
toral research experience: ome 
independent researchers and longer to become 
internationally renowned. Also, in contrast to 
the United States. where the biotech industry 
hhas benefited from stro 
efforts by acader 
parts in Singapore, as civil servants, operate in 
highly rigid. hierarchical system where moves 
between academia and industry are rare. Also, 
Singaporean youngsters may not be willing to 
stick to tedious benchwork that may or may not 
lead to financial rewards 
Finally, research in Sin 
from the ethic 
id cloni 


ast 10-years—the 
se phs postdoc 


for them to be 


entrepreneurial 


tists, their counter- 


spore profited 


debates that mired stem cell 


inducement to some foreign biotech compa- 
tions in Singapore. Of 
course, that does not mean Singapore has no 


nies to set up ope! 


regulatory framework to review research and 
enforce any recommended ethical code. But 
Singapore's advantage may not last if the 
research environment becomes more open 
in other countries. More importantly, there 
should be bett 


opportunities for civil society 


in Si 


sapore to debate the issues related to 
biotech research, Citizens have the right to 
know much more about the risks and benefits 


associated with the biomedical sciences con 
ducted in Singapore than they do now. Public 
understanding is at least as important as deep 
pockets and a deep talent pool. 

CONG CAO 


‘Nal D. Levin Graduate lnstitute of international Relations 
and Commerce, State University of New York, 33 West 2nd 
‘Steet, New York, NY 10036, USA. 


Making Data on Iraqi 


Mortality Rates Available 


FOLLOWING OUR 2004 IRAQ MORTALITY SUR- 
vey (/, 2), we made the data available to int 


ested parties, and it has been our intent from 
the beginning to make the data from our 2006 
study available so that our mortality estit 
tions could be assessed by other scientists 
("Iraq mortality study authors release data, but 
only to some,” J. Kaiser, News of the Week, 20 
Apr.. p. 355). At the time the study was pub- 
lished, Iraqi colleagues requested that we delay 


release, as they were very fearful that some 


how streets, houses, and neighborhoods might 
be identified through the data with severe con- 
sequences. We agreed to wait for 6 monthsand 
have now made the data available. 
From the beginning, we have taken the 
position that protecting participants is para- 
casing any 
iers below the level of governorate. The 
demand by some for street names seems to 
arise from the erroneous belief that only main 
streets were sampled, when in fact, where 
there were residential streets that did not inter- 
with the selected commercial street, these 


too were included in the sampling frame for 


identification of the start house. In any event, 
‘our interviewers reported that most, although, 
not all, violent deaths occurred away from the 


location of residence, 

The Iraq war continues to be a highly 
polarizing event, Following the release of the 
2004 data set, we saw the distortion and 
‘manipulation of data by some to support pre~ 
established positions. For the 2006 data, we 
decided on a more cautious approach, not 
releasing data to persons or groups with con- 
nections to pro 
We continue to encourage others to pursue the 
collection of population-based data on mortal- 
ity to further strengthen the meastirement 
methods for the consequences of conflict on 
the host populations. It is our hope that 
rate data will lead to a stronger international 
‘commitment tothe protection of those unvill- 
ingly caught up in conflict. 

GILBERT BURNHAN,’ SHANNON DOOCY,* 

LES ROBERTS? 

‘Department of Intemational Health, Johns. Hopkins 
Bloomberg Schoot of Public Health, 615 North Wolle Street, 
Baltimore, MD 21205, USA. ‘Mailman School of Public 


Health, Columbia University, 3209 Country Route 2, 
Cincinnatus, NY 13040, USA 
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CORRECTIONS AND CLARIFICATIONS 


Policy Forum: “Environmental monitoring network for 
India” by PV Sundareshwar etal (13 Ap, p- 208). Oo 
page 204, in te fist columo, fist paragraph, the nest-to: 
last sentence the reference citation (3) should be 2) and 
“not” should read “no.” The corrected sentence is, 
“Although FLUXNET and other observation networks cover 
diverse vegetation types within a 70°S to 30°N latitude 
band 2) and diferent oceans (5 6), there are na compre 
hensive and reliable data from Arian and Asian regions.” 
The authors were members ofan Indo-US. bilateral work- 
‘shop on INDOFLUX. Inthe legend to the fist figure, refer- 
‘ence citations (24-26) should be (22-24). in the credit 
line, the word “(SOURCE)” should be removed. 


Perspectives: “High bond orders in metal-metal bonding” 
bby Feinbold and CR. Landis (6 Ape, p. 63). Inthe second 


LETTERS | 


sce ad ogog ee Dot | 
‘case following Cotton's report in 1973" is incorrect. The | 
tna | 


TECHNICAL COMMENT ABSTRACTS 


CommeNT oN “From Plant Traits to 
Plant Communities: A Statistical 
Mechanistic Approach to Biodiversit 
Stephen H. Roxburgh and Karel Mokany 


‘Shipley eto Reports, 3 November 2006, p, 812) deve 
‘oped a quantitative method for predicting the relative 
abundance of species from measured tats We show that 
the method can have high explanatory power even when ll 
trait and abundance data are randomly and independently 
generated, because of a mathematical dependence 
‘between the obserations and predictions. We also suggest 
a poten sluton to this problem. 

Ful text at we sciencemag orgkcgicontensiul/316/5830' 
14250 


CommeNT oN “From Plant Traits to 
Plant Communities: A Statistical 
Mechanistic Approach to Biodiversity” 
Christian O. Marks and Helene C. Muller-Landau 


‘Shipley eto. Repors, 3 November 2006, p.812) predicted 
‘plant community composition andrelative abundances with 
‘high Level of accuracy by manimizing Shannon's index of 
{information entropy (species diversity), subject to con- 
straints on plant ait averages. We show thatthe entropy 
‘maximization assumption is elatively unimportant and that 
the high accuracy i due largely oa statistical fect. 

Ful text at wumsciencemag ogiegicontertlV31658301 
ase 


Response To CoMMENTS ON “From 
Plant Traits to Plant Communities: 
A Statistical Mechanistic Approach 
to Biodiversity” 


Bill Shipley, Denis Vile, Eric Garnier 


We maintain that theres no circular r structural bias in 
‘ur model that inflates its predictive abiity beyond the 
sampling bias inherent in thee tats. When replacing 
observed average traits by environmental variables, the 
‘generality and preictne aby depends on one's emoin- 
{al ability to predict these average values. Finally, max 
‘mizing rather than minimizing erropy given contain 5 
jusitied by asioms of information theory and i not an 
eccogical assumption 

Fl text at wesciencemag.orgeglcontertAul/31658301 
142s 
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Science 


EVOLUTION proteins evolve and how proteins interact, and 
i he completely ignores a huge amount of 

God as Genetic Engineer experimcatal data tht diccly contradicts is 
faulty premises. Unfortunately, these errors 

Sean B. Carroll are of a technical nature and will be difficult 


“The Lord hath delivered him into mine 
hands.” 


hose are the words that Thomas Hux- 
[ Darwin's confidant and staunchest 

ly, purportedly murmured to a col- 

league as he rose to turn Bishop Samuel 
Wilberforce’s own words to his advantage and 
rebut the bishop's critique of Darwin's theory 
at their legendary 1860 Oxford debate, They 
are also the first words that popped into my 
head as I read Michael J. Behe’s The Edge 
of Evolution: The Search for the Limits of 
Darwinism. In it, Behe makes a new set of 
explicit claims about the limits of Darwinian 
evolution, claims that are so poorly conceived 
‘and readily dispatched that he has unwittingly 
done his erties a 
In Darwin's Black Box: The Biochemical 
Challenge 10 Evolution (1). Behe had for- 
\warded the notion that certain biochemical 
irreducibly com- 


syster 
plex.” could not have evolved 
stepwise by Darwinian mecha 
nisms, and thus were intelligently 
designed, Since that earlier book, 
Behe has played a key role in the 
intelligent design (ID) movement 
including a star tum as a defense 
witness in the 2005 Dover school 
bout case, Despite his testimony 
or, [ should say, partly because of 
\what he said (2)—1D was ruled to 
be a religious concept and its 
teaching in public schools uncon- 
stitutiona 

Behe, a professor of bioche 
istry at Lehigh Universit 
found an audience among various 
favors of creationists who find 


Darwinian evolution incompati- 
ble with their religious views and 

e scientific validation in Behe’s 
claims. Clearly, this book's main audience 
would be that constituency, althou; 
Will find some parts very discomiti 
instance, Behe 
random mutation and selection to account for 
the variation within and differences between 
closely related species (but not higher taxa 
The reviewer, the author of The Making ofthe Fitest,isat 
the Laboratory of Molecular Biology, Howard Hughes 
Medica insite, Univrsty of Wisconsin, Madison, WI 
53706, USA. Email: sbeanol@wisc.edu 


suchas vertebrate classes). He alsoaccepts (as 
he has before) the 4.5-billion. of 
Earth and that we share a common ancestor 
with chimpanzees. That certainly won't go 
‘over well in some camps. 

Behe also explores some ex- 
amples of Darwinian evolution 
at the molecular level, including 
an extensive treatment of the 
evolutionary “trench warfare” 
fought between humans and 
malarial parasites over the mil- 
lennia—all in the context of 
what Darwinian evolution “ean 
do.” So what's the problem? 

The probler 
winian evolution can’t do: produce more 
“complex” changes than those that have 
enabled humans to battle malaria or allowed 
malarial parasites to evade the drugs we throw 
at them. Behe's main ang 


The Edge of 


is what Behe asserts Da 


ment rests on the 


“TIS BUT A 


assertion that two of more simultaneous muta- 
tions are required for increases in biochemical 
complexity and that such changes are, except 
in rare circumstances, beyond the limit of evo- 
lution. He concludes that “most mutations 
that built the great structures of life must have 
been nonrandom.” In short, God is a 
engineer, somehow designing change 
DNA to make biochemical machines and 
higher taxa. 

But toarriveat this conclusion, Behe relies 
on invalid assertions about how genes and 
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by Michael J. Behe 


for lay readers, and even some scientists 
(those unfamiliar with molecular biology and 
evolutionary genetics), to detect, Some people 
will be hoodwinked. My goal here is to point 
‘out the critical flaws in Behe’s key arguments 
and to guide readers toward 
‘some references that illus- 


Sa trate why what he alleges to 


be beyond the limits of 
Danvinian evolution falls 
‘well within its demonstrated 
powers. 

Behe’s chief error is min- 
imizing the power of natural 
selection to act cumulatively 


as traits or molecules evolve 
stepwise from one state to another via inter- 
mediates. Behe states correetly that in most 
species two adaptive mutations oceurrin 
instantaneously at two specific sites in one 
gene are very unlikely and that functional 
utes in proteins ofien involve two oF more 
sites, Butit is anon sequitur to leap 
to the conclusion, as Behe does, 
that such multiple-amino acid 
replacements therefore can’t hap- 
pen, Multiple replacements can 
accumulate when each single 
amino acid replacement affects 
performance, however slightly, be~ 
cause selection can act on each 
replacement individually and the 
changes can be made sequentially 

Behe begrudgingly allows tha 
only “rarely, several mutations can 
sequentially add to each other to 
improve an organism's chances of 
survival.” Rarely? This, of course, 
is the everyday stuff of evolution. 
Examples of cumulative selection 
changing multiple sites in evolv- 
ing proteins include tetrodotoxin 
resistance in snakes (3), the tuning 
of color vision in animals (4), 


cefotaxime antibiotic resistance in bacteria 
(5), and pyrimethamine resistance in malarial 
1 notable omission given 
extensive discussion of malarial drug- 


parasites. (6) 
Behe 
resistance. 

Behe seems to lack any appreciation of the 
‘quantitative dimensions of molecular and trait 
evolution, He appears to think of the fune 
tional features of proteins in qualitative terms, 
as if binding or catalysis were all or nothing 
rather than a broad spectrum of affinities or 
rates. Therefore, he does not grasp the funda- 
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‘mental reality of'a mutational path that pro- 
teins follow in evolving new properties. 

This lack of quantitative thinking underlies 
a second, fatal blunder resulting from the mis- 
taken assumptions Behe makes about protein 
interactions. The author has long been con- 
cerned about protein complexes and how they 
could of, rather, could not evolve. He argues 
that the generation of a single new protein- 
protein binding site is extremely improbable 
and that complexes of just three different pro- 
teins “are beyond the edge of evolution.” But 
Behe bases his arguments on unfounded 
requirements for protein interactions. He 
insists, based on consideration ofjust one type 
of protein structure (the combining sites of 
antibodies), that five o six positions must 
change at once in order to make a good fit 
between proteins —and, therefore, zood fits 
are impossible o evolve, An immense body of 
experimental data directly refistes this claim. 
There are dozens of well-studied families 
of cellular proteins (kinases, phosphatases, 
proteases, adaptor proteins, sumoylation 
enzymes, etc.) that recognize short linear pep 
tide motifs in which only two or three amino 
acid residuesare eritical for functional activity 
{reviewed in (7-9)}. Thousands of such re: 
versible interactions establish the protein 
networks that govern cellular physiology. 

Very simple calculations indicate how eas 
ily such motifs evolve at random, If one 
assumes an average length of 400 amino acids 
for proteins and equal abundance of all amino 
acids, any given two-amino acid motif is 
likely to oceurat random in every protein in 
a cell. (There are 399 dipeptide motifs in a 
400-amino acid protein and 20 x 20 = 400 
possible dipeptide motifs.) Any specific 
three-amino acid motif will eceur once at ran- 
dom in every 20 proteins and any four-amino 
acid motif will oecur once in every 400 pro- 
teins. That means that, without any new musta- 
tions or natural selection, many sequences that 
are identical or close matches to many interac- 
tion motifsalready exist. New motif can arise 
readily at random, and any weak interaction 
can easily evolve, via random mutation and 
natural selection, to become a strong interac- 
tion (9), Furthermore, any pair of interacting 
proteins can readily reeruita third protein, and 
so forth, to form larger complexes. Indeed. it 
hhas been demonstrated that new protein inter- 
actions (/0) and protein networks (7) can 
evolve fairly rapidly and are thus well within 
the limits of evolution. 

Is it possible that Behe does not know this, 
body of data? Or does he just choose to ignore 
it? Behe has quitea record of declaring whatis 
impossible and of disregarding the scientific 
literature, and he has clearly not learned any 


lessons from some earlier gaffes. Hehas again 
gone “public” with assertions without the 
benefit (or wisdom) of first testing their 
strength before qualified experts. 

For instance, Behe once wrote, “ifrandom 
evolution is true, there must have been a large 
number of transitional forms between t 
Mesonychid [a whale ancestor] and the 
ancient whale. Where are they?” (12). He 
assumed such forms would not or could not be 
found, but three transitional species were 
identified by paleontologists within a year of 
that statement. In Darwin's Black Box, he 
posited that genes for modern complex bio- 
chemical systems, such as blood clotting, 
might have been “designed billions of years 
ago and have been passed down to the present 

but not “turned on’.” This is known to be 
genetically impossible because genes that 
aren't used will degenerate, but there it was in 
print, And Behe’s argument against the evolu- 
tion of flagella and the immune system have 
been dismantled in detail (/3, 14) and new 
evidence continues to emerge (/5), yet the 
‘same old assertions for design reappear here 
as ifthey were uncontested. 

The continuing futile attacks by evolu- 
tion’s opponents reminds me of another 
legendary confrontation, that between Arthur 
and the Black Knight in the 
movie Monty Python and the 
Holy Grail. The Black Knight, 
like evolution’s challengers, 
continues to fight even as each 
of his limbs is hacked off, one 
by one. The “no transitional 
fossils” angument and. the 
“designed genes” model have 
been cut clean off, the courts 
have debunked the “ID is science” claim, and 
the nonsense here about the edge of evolution 
is quickly sliced to pieces by well-established 
biochemistry. The knights of 1D may profess 
these blows are “but a scratch” or “just a flesh 
‘wound. but the argument for design has no 
scientific leg to stand on. 
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EVOLUTION 


A Multilevel 
Exploration 


David Jablonski 


complexity is almost always organized 
hierarchically, From the nested structures 

of armies and corporations to the classical 
biological progression from molecule to cell 
to tissue to body to species, the “particles” at 
each level tend to be grouped into ever more 
inclusive units, However, despite the ubiquity 
of natural hierarchies, their 
evolutionary implications have 
been anything but cle 
volution and the Levels of 
Selection is. major contribu 
tion toward putting this contro~ 
versial area on a coherent con- 
‘ceptual and philosophical foot- 
ing. Samir Okasha's argument 
hinges on two components, 
neither of them new but here powerfully and 
integrated and extended, First isthe 
fundamental distinction between two dis- 
parate kinds of multilevel selection (MLS), 
often conflated despite their formal introd 
tion 20 years ago (/), with even earlier prece 
dents, The failure to appreciate this distinction 
has generated an enormous amount of contu- 
sion, at times borderin 
use of this conceptual framework brings 
exceptional clarity and precision to a wide 
range of issues. In essence, for MLS1 the sole 
focal level isthe individual (at any level), but 
its fitness depends parily on the group to 
which it belongs. The classic example is the 
seeming paradox of altruism: how can selec- 
tion drive behavior that aids others at the 


I nthe natural world, as in human societies, 
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actor’s expense? Under MLSI. altruists have 
lower fitnesses within their 


ish individuals, but 


ups containing 


proportion of more altruists contribute more 
individuals to the global population. Okasha 
(a philosopher of science at the University of 
Bristol) greatly clarifies this process and 


shows how its logic can apply to many evolu- 


tionary problems, from the operation of self 


ish intracellular elements to the origin of com- 
plex cells. 

In contrast, MLS2 involves multiple focal 
levels, with selection operating on units at each 
ultaneously and with effeets 


of those levels si 


ceaseading both upward and downward. The 
classic example is species selection, where 


both onganisms within populations and species 


Within lineages are subject to differential sur- 
able 


nates, extine- 


vival and reproduction aecording to her 
variation. Variations in spe. 


tion rites, of both can thus drive large-scale 


evolutionary changes independent of the fit- 
nesses of the organisms within those species 
an indirectly shift the mi 


phenotypes 


of lineages, Okasha notes that such indirect 


effects, often termed “upward and downward 


causation,” are the essence of multilevel selec 


tion. When is the differential proliferation of a 
ven biological property on some level the 
level, and when 


result of direct selection at th 
is ita by-product of processes at a lower or 
higher level? (As Okasha makes clear for the 
first time, these cross-level processes are fun 
damentally different under MLS1 and MLS2. 
To address this problem, Okasha applies 
the second major element of his argument: the 


Price equation, a general statistical statement 


of the covariance between a character and fit 
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ness that e: 


provide a formal separation of 
levels of selection. One of the real pleasures of 
Dkasha view a sueces- 


this book is watching 
sion of problems in multilevel selecti 


through the lens of the Price equation in its 


different forms. It proves a powerful concep 


twal tool, although it does not always perform 

ly. For example, Okasha finds the Price 
n 

ive called contextual analysis as an 

e MLSI 

‘Okasha isnot quiteas precise on the noti 


equation to be theoretically inferior to 
alterna 
a detec 


approach 


of emery: hly con- 


nt properties, another hig 
tentious in the 
s. Okasha ree 
such prope! 


ae multilevel selection 


debat izes the existence of 


s, irreducible to charac 


lower hierarchical levels, but does not see 


them as required for the operation of multi- 


level selection. For him, the essence of the 


problem is the emergent relation between a 
given level. This isa 
h not the only one 


character and fitness at a 
E althou 


sonabh 


stance. 
In fact, in several places Okasha 
skates very close 


possible 


p treating emergent species 


properties as integral to the operation of 
species selection, as did Stephen Jay Gould in 
For example, Okasha 
accepts that the increased frequency over 


his magnum opus 


time of gastropod species having larvae that 
do not feed in the plankton should be classi- 
[lifter 


ences in species” fitness were not caused by 


fied as species selection because 


differences in the fitnesses of their con- 


stituent organisms, but by differences in the 


extent of within-species gene flow.” [Such 
gene flow, with the associated genetic 
population structure. is arguably a 


species-level property: fora lucid analysis 


of opposing concepts of emery 
The final chapter derives fresh insights 
from Okasha’s integrative framework for 


nce, see(3).] 


some of the most profound evolution: 
events in the history of life, The evolutionary 
from 
prokaryote to eukaryote, unicell to multicellu- 


transitions to new kinds of individuals 


;nism—must have entailed the subor- 


dination of lower-level units into a larger 
whole, Okasha makes a strong argument that 
such transitions involve both types of multi- 


level selection, operating in succession. His 


deep understanding of the evolutionary mod- 
nd his integration of the philosophical 
‘off here. This chap 
worth the price of the book 


els 


issues really pi aloneis 


Elsewhere in the book, however, MLS2 
5 to get short shrift, This is a shame, 
because that is another growth area that 
could benefit from closer philosophical 
attention, As Okasha notes, most work- 
ers concede the plausibility of MLS2: 


the uncertainty lies in the efficacy of 
processes above and below the tradi- 
tional dynamics of bodies within popu: 
lations, But species selection receives 
the shortest chapter in the book, and the 
burgeonin, 


macroecological literature 
on the size, position, phylogenetic distr 


bution, and or 


nismic correlates of peo- 
graphic range (accepted by Okasha as a 
potential facto 
selection) is not mentioned. Nor is the 
ontological and neonto- 


in strict-sense species 


even larger pal 


ical literature on comparative analyses of 


jganismie and species proper 
ties are tested for their statistical associations 
with differential diversification rates, 1 was 


nearly unexplored potential sources of data 


and theory. [(4) offers an entry into these 
aspects of the debate] 

A hit 
process, with potentially opposing, reinfore- 
nal forces in play at multiple 
pple with than the 
asha has greatly 


hical view of the evolutionary 


ort 


more traditional view, but C 
clarified many of the cent 


I issues. I can't 


imagine anyone working on multilevel selec- 


tion—or attempting to dismiss it—without 


reading this book. 
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SCIENCE AND SECURITY 


Practical Experiences in 


Dual-Use Review 


E, Megan Davidson,’ Richard Frothingham, Robert Cook-Deegan™ 


ioscience is 
Bes 

this sense re 
potential both to generate valuable scientific 
knowledge and to be used for nefarious pur- 
poses, with serious consequences for public 
health or the environment (/). In April 2007, 
the U.S, National Science Advisory Board for 
Biosecurity (NSABB) released draft guidance 
for local and federal oversight of such 
research (2), NSABB proposed that individ~ 
ual researchers identify substantive dual-use 
concems in their work and confer with local 
institutional bodies in managing risks. Since 
2004, the Southeast Regional Center of 
Excellence for Emerging Infections and 
Biodefense (SERCEB) has reviewed research 
project applications for dual-se potential. Of 
27 proposals for internal SERCEB funding 
10 contained arch of concern’ 
as defined by the NSABB, some prompting 
further action (3), This high “hit rate” is 
mainly attributable to SERCEB'S research 
ens and host defenses. The rate 


focus on patho 


SERCEBS experience is relevant to cur- 
rent debates on identification and manage~ 
ment of dual-use research risks. Formal dual- 
use review with analysis of risk management 
‘options might enable some valuable research 
to move forward, which would otherwis 
forgone because of biosecurity concerns. 


SERCEB Dual-Use Review (2004-07) 
SERCEB has been funded since 2003 by the 
National Institute of Allergy and Intec 
Diseases to develop drugs, vaccines, and diag 
nosties for biodefense and emerging infec~ 
tions. In addition to research programs, 
SERCEB has a Policy, Ethies, and Law (PEL) 
Core (4). 

SERCEB first encountered dual-use con- 
cerns in 2004 when its Steering Committee 
reviewed project proposals for internal fiund- 
ing. One application proposed creating a 
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reverse genetic system to study a viral hemor= 
thagic fever (VHF)—a high scientific priority 
but also a serious dual-use concern. Havit 
read the Fink Report (5). the Stee 


ng 
Committee asked the PEL Core to review this, 


and other proposals for dual cerns. 
Little guidance for dual-use review existed 
then. The sparse literature available addressed 
review of publications on completed research, 
rather than prospective review for funding and 
oversight (6). The NSABB had yet to be 
formed. and two reports from the US. 
National Academies addressing dual-tise con- 
cerns had not yet been released (7. 8), 
SERCEBSs review of the VHF proposal is 
summarized as example 1 in the suppor 
‘online material (SOM) (9). 

This case illustrates a common theme in 
the dual-use cases reviewed by SERCEB. Any 
genetic manipulation of a pathogen has some 
potential to enhance virulence, altho 
attenuation isthe more likely result. This prit 
cipal investigator (PI) considered discovery of 
a bypervirulent mutant to be unlikely, but not 
impossible, and noted the difficulty of iden 


The U.S. government is debating how to handle 
national security risks posed by bioscience 
research. A research consortium shares lessons 
learned from their research oversight scheme, 


hypervirulence in a patho- 
‘gen that isnearly 100% fatal in the 
imal model. The PI proposed 
methods to manage the risk by 
attenuating the virus. Although 
the PI proposed to deal with pub- 
ion issues raised by a dual-use 


discovery by suppression and 
porting to “an appropriate gov 
ermmental institution.” the PEL 
‘Core recommended that plans for 
publication be deferred until and 
unless a dualuse concern actually 
t which time the 
PI would discuss publication 
strategies and content with the 
SERCEB Steering Committee. 
Generally, we would favor modi- 
fication of publications when fea 
sible rather than the suppression 
of scientific results, 
Inasecond case from 2004 (9), 
the objective was to enhance 


resulted, 


cacy of vaccines by blocki 


2 act 
vation of T cells responsible for 
limiting immune response, The 
dual-use concern was that expe 
tin discovery 
of methods for suppressing immunity and 
overwhelming the host response to a 
pathogen, The SERCEB queries and investi- 
gator responses suggested destruction of 
research materials and suppression of 
research results, both drastic responses to 
dual-use concerns, Today, SERCEB would be 
‘more likely to recommend other management 
approaches, such as placing stocks in physi- 
cally secure spaces, training all personnel 
involved in dual-use issues before beginning 
research, and modifying publications to report 
results but limiting details about methods that 
could enable misuse, rather than suppressing 
publication completely 

Two issues became apparent during 
SERCEB dual-use review: few investigators 
were aware of the dual-use dilemma, and te 
nical expertise was critical in assessing dual- 
use risk. SERCEB addressed the first problem 
through education and awareness training, as 
recommended by the Fink Report and under- 
scored by the NSABB, In September 2005, 
the PEL Core released an online education 


‘mental interventions might re 


wwwesciencemag.org, 


module to introduce researchers to dual-use 
issues, to present prominent cases, to describe 
relevant laws and regulations, and to highlight 
scientists’ responsibilities to promote biosecu- 
rity (/0). By May 2007, more than 450 indi- 
viduals had completed this module (//). 

The need for technical expertise was 
addressed by engaging investigators in the 
dual-use review. They were asked to con- 
sider the likelihood that their work would 
increase the dangerousness of an agent 
through increased pathogenicity or broad- 
ened host range or would enhance its dis- 
persal and, thus, its potential as a biological 
weapon and to consider the magnitude of 
possible harm. This model of posing ques- 
tions directly to potential Pls resembles the 
“points-to-consider” process used by NIH 
for some clinical research (/2). Examples 
‘of questions posed in a recent proposal 
evaluation are shown in the figure on page 
1432 (9). 

Reviewers and investigators have jointly 
developed plans to minimize and manage 
dual-use risks. Strategies have included train- 
ing, laboratory security, experimental design, 
sponsor notification, and  prepublication 
review, Training has included requiring lab 
members to take the online module and 
ating lab group discussions, Experimental 
design changes to mitigate dual-use risk 
include substituting a marker protein for a 
toxin in a proof-of-principle experiment and 
replacing a virulent microbe with an attenu- 
ated strain to obtain information of equal sci 
entific value through safer means. During 
publication, authors could often reduce dual- 
use potential by limiting details on production 
methods while conveying key scientific 
results, For projects with significant dual-use 
concern, investigators were also asked to 
develop response plans for dual-use diseover- 
ies by determining to whom such discoveries 
would be reported, and how to communicate 
results. These risk-management strategies 
enhance foresight and allow investigators to 
share responsibility with relevant stakehold- 
ers. SERCEB review has resulted in modifi- 
caations to proposed research, but no projects 
have been halted or publications stopped 
because of duaPuse concerns, 


Discussion 
‘The NSABB draft guidance of April 2007 re- 
commends making education on dual-use 
es required component of research 
ethics training. The SERCEB experience sup- 
ports this recommendation, as many investi- 
{gators were unaware of dual-use issues in their 
‘own research. NSABB draft guidance also 
calls for individual investigators to determine 
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‘whether their research poses dual-use risks of 
concern. Ifso, it recommends they be consid- 
ered by an institutional committee. As 
suggested by the Fink Report, Institutional 
Biosafety Committees (IBCs) are one pos- 
sibility. Dualuse research poses potenti 
biosafety hazards about which IBCs are legit- 
imately concerned. For example, enhanced 
biosafety procedures would be required for a 
pathogen with enhanced virulence. increased 
infectivity, or a broadened host range, One 
problem with delegating risk identification 
entirely to investigators is that, in our experi- 
cence, sensitivity to dual-use concerns is highly 
subjective. Indeed, those most sensitive to risk 
are also more likely to have thought through 
risk reduction and avoidance. The least-sensi- 
tive investigators may be the greatest risk 
Although formal regulations have yet to be 
devised, three of six SERCEB IBCs have 
assumed responsibility for dualuse review. In 
2006, Duke University and the University of 
Florida revised their recombinant DNA regis- 
tration forms to inchide questions identify 
ing dual-use potential (/3, 14), Emory Uni 


versity’s Institutional Health and Biosafety 
Committee established a Biosecurity Sub- 


universities are consid- 
ering their options and awaiting more specific 
guidance from NSABB and NIH. As noted by 
the NSABB, some dual-use research (such as 
research to enhance pathogen dispersal or 
delivery) would not normally come to IBCs, 
because their primary responsibility is the 
review of recombinant DNA research. It may 
prove worthwhile to ereate regional or 
national review bodies to which novel or com- 
plex dual-use cases can be referred. 
Responsibility to recognize and address 
dual-use discoveries begins with investi 
tors, but it cannot end there, Policy-makers 
and administrators should provide researchers, 
with information that will enable them to 
identify dual-use concerns, as well as institu 
tional resources to assist in their management. 
Institutions and funding organizations need to 
develop mechanisms to assist investigators in 
conducting dual-use review and in devising 
plans of action when dual-use materials and 
information are discovered. Some scientists 
have expressed legitimate concem that atten- 
tion to dual-use issues will stymie their 
research. At institutions with significant com- 
mitments to research on pathogens and toxins, 
benefits of raising awareness and devising 
contingency plans are likely to outweigh 
‘costs. Scientists and research oversight bodies 
will need to make modest investments in dual- 
use education, review, and reporting. Our hope 
isthat our experience and the experience of other 
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institutions will contribute to development of 
effective and balanced local review approaches 
and will avoid extreme policies that could im- 
pode research 

SERCEB's dual-use review policies have 
changed with growing experience from 2004 
to 2007, This has been a learni 
we expect will become more el 
overtime, 
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PHYSICS 


Cracking the Supersolid 


Pi 


p Phillips and Alexander V. Balatsky 


routinely teach phy'sies stu- 
dents that the rotational 
motion of a rigid body is 


strongly determined by its moment of 
inertia, However, calculating this basi 
property in the usual way would be 
futile in the case of a supersolid (1). A 
supersolid is one of the truly enigmatic 
quantum states of matter, whereby 
‘atoms that remain locked in crystalline 
‘order can also resist rotation if the erys- 
tal is rotated (see the figure). Indeed, it 
isthe richness of quantum mechanics 
that permits this seemingly paradoxical 
behavior. Experiments on solid helium- 
4 show that anywhere from 0.14 10 20% 
(2-6) of the atoms remain stil while the 
rest rotate with the container. In this situation, 
the nonrotating atoms are detected asa “miss- 
ing moment of inertia” (MMI), The current 
debate regarding the observation of MMI in 
solid helium-t centers on whether superflow 
(and hence supersolidity) is the root cause or 
\whether some other, perhaps nonequilibrium, 
phase is responsible, Several groups have 
recently reported results that may help narrow 
down the underlying mechanisms, 

‘The phenomenon of MMI is well knownin 
superfluids. At sufficiently low temperature 
the angular momentum ofa rotating container 
Of liquid helium-4 disappears if the rotation is 
so slow that vortices are not excited. This 
effect is a benchmark test of equilibrium 
superfluidity. MMI in a superfluid req 
that (i) the single-atom wave funetions extend 
‘over the entire sample, andl (ii) some fraction 
‘of atoms Bose-condense, For a perfect crys- 
talline solid—that is, one in which the number 
of atoms equals the number of lattice sites 
neither of these conditions can be satisfied. 

To obtain both crystallinity and MMI, 
Andreev and Lifshitz (7) and others (2. 8) 
focused on the quantum mechanical motion 
associated with vacancy (missing 
interstitial (atombetween lattice sites) defects. 
Such defects occur, in principle. in any solid, 
and the ly 
low temperature, In such a scenario, the 
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Spinning a cup of tea 


defects are the superfluid while the helium-+ 
‘atoms maintain long-range crystal order. 

Although the vacancy scenario has been 
adopted (9) to explain the MMI in the 2004 
experiments of Kim and Chan (2) on solid 
helium, such explanations leave a residue. 
First, accurate calculations indicate that 
vacancy-type defects separate into distinct 
phases in pure solid helium-4 rather than form 
a supersolid (/0) 

Second, the experimental bounds on the 
number of defects determined by Simmons 
aandolleagues (7) is farlower(0.3%) han the 
modest superfluid fraction of 2% seen in the 
early experiments of Kim and Chan. In faet.on 
the basis of the expression for the Bose con- 
densation temperature in the dilute regime. 
straightforward to show that vacancy defects 
a density of 0.3% already condense at 200 
he onset temperature for the MMI in the 
Kim and Chan experiments—a further indica- 
tion that the defect scenario cannot quantita- 
tively explain the data, 

Third, Blackburn etal. (/2) have observed 
no low-temperature anomaly in the Deby 
Waller factor (the reduction of x-ray oF ne 
tron scattering intensity because of thermal 
atomic motion) below the onset temperature 
of the ML in the Kim and Chan experiment. 
Absence of such an anomaly casts doubt on 
the MMI being associated with a true phase 
transition driven by defects. 

Fourth, Rittner and Reppy (6) have shown, 
that the MMI signal is acutely sensitive to the 
‘quench time for solidifying the liquid. In one 
extreme, they found the MMI to be absent in 
fully annealed samples. This experiment is 


Oscillating a supersolid ental 
Super strangeness. (Left) A normal liquid rotates with its container. (Center) Superftuids and supersoids, on the other 
hhand, include atoms that remain stationary while the rest of the material oscillates. (Right) Rittner and Reppy (6) 
‘noticed that all of the experimental values for the AVI (the ratio of supersolid density p, to total density p) fall onto a 
‘universal curve as a function ofthe surface-to-volume ratio, [Graph adapted from (6)] 


Recent experimental and theoretical work 
shows that frozen helium must have atomic 

disorder rather than perfect crystallinity for it 
to become a supersol 


SV fem) 


still in dispute, as not all groups (13-15) have 
been able to eliminate the MMI by sample 
annealing. In the other extreme, the MMI 
increased to an astounding 20% (see the fig- 
ure) in samples in which the solidification 
from the liquid occurred in less than 2 min (6), 
A narrow annular region that maximized the 
surface-to-volume ratio enabled such rapid 
cooling of the sample and ensured & high 
degree of frozen-in disorder. This striking fea- 
ture suggests that supersolidity is not intrinsic 
to pure solid helium-4, Rather, some kind of 
disorder, dislocation-induced plasticity. or 
glassy ordering (/6-8) is the efficient cause, 

Ultimately, the sharp test of supersolidity 
is persistent mass flow, much the way a per= 
sistent electrical current flows in a supercon= 
ductor. The key success thus far is that of 
Sasaki er al, (19), who observed mass flow 
only in simples containing grain boundaries. 
However, the precise relationship between 
this experiment and the torsional oscillator 
measurements is unclear because mass flow 
was observed at temperatures (1.1K, not far 
from the bulk superfluid transition tempera- 
ture) vastly exceeding the onset temperature 
for MMI in the torsional oscillator experi- 
ments (5), namely 7, = 0.2 

The team led by Beamish (20) has looked 
specifically for pressure-induced mass flow 
through two parts ofthe sample separated by a 
set of micrometer-sized capillaries, and they 
have seen no telltale signature. Relying on the 
fct that true superflow should exhibit a ther- 
modynamic signature, Todoshchenko et al. 
(21) measured the melting curve of helium-4 
between 10 and 320 mK. They observed no 
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deviation from the expected behavior in ultra- 
pure samples with a helium-3 concentration of 
0.3 parts per billion, Such an experiment is not 
sulficient to rule out superflow in the highly 
polycrystalline samples, but itis a clear indica- 
tion that superflow is not intrinsic to the pure 
helium-4 but rather is an extrinsic disorder- 
driven effect, In fact, the dramatic effect that 
helium-3 impurities have on enhancing T, (4) 
isa further indicator that disorder is pivotal. 

Hence, the question remains: Is the obser- 
vation of MMI in the torsional oscillator 
experiments now seen by numerous groups 
around the world an example of true super- 
flow’? Short of a direct observation of persist 
cent mass flow, itis essential that thermody 
namic measurements (2/) be carried out on 
the polycrystalline samples of Rittner and 
Reppy (6). In addition, neutron scattering and 
x-ray tomography measurements below 200 
mK on the polyerystalline samples could offer 
unprecedented insight into the defect struc~ 
ture that enables the observed MMI. 

Ultimately, if disorder is key, then several 
«questions arise. Why isthe signal (2) for helium 
in vycor (silica glass) so anomalously low? 
Vycor has a surfie-to-volume ratio that 
exceeds any of the samples shown inthe figure 
boy four orders of magnitude, whereas its MMI 
isonly 04%, Can grain boundaries account for 
200% MMI? Cana system in which 20% of the 
‘atoms flow along grain boundaries be properly 
thought of asa erysta? What isthe quantitative 
theory behind the helium-3 enhancement of 7, 
seen by Clark and Chan (4)? 

In light of the disorder data there are two 
classes of theoretical proposals left standing. 
irst, thereare the theories (/6, 17) that rely on 
some sort of disordered supercomponent 
present in solid helium-4, In fact, one of us 
(PP) has collaborated on calculations (17) 
that provide a quantitative explanation of the 
enhancement of 7, 
ities on the 
‘model, one can argue that the absence of MMI 
in the pure system arises because helium 
‘atoms in a hexagonal close-packed lattice 
form a Mott insulator (which prevents flow). 
Disorder isexpected to destroy a bosonic Mott, 
state and give rise to a superfluid. 

‘Then there are proposals from a collabora- 
tion involving one of us (AV.B.) for bosonii 
glassy states in which MM is obtained with- 
out ever invoking superflow (/8). Torsional 
oscillator experiments ultimately measure the 
changes in mechanical properties, so the con- 
nection to MMI is indirect and requires inter- 
pretation. The idea here is that the mechanical 
response of the solid, and hence the torsional 
oscillator properties, ae changing at the onset 
of the glass state, The challenge for theory and 


experiment is to characterize bulk helium-4 
samples with enough precision to decide on 
such nonsuperflow scenarios. 

All of these recent experiments plainly 
show that the standard textbook supersolid 
falls short as an adequate explanation of the 
experiments. What is clear is that the true 
answer is hidden in the disorder. 


References and Notes 

‘A Leggett Phys: Rew Lett 25, 2543 (1970). 

. Kim, RL H.W. Chan, Meture 427, 25 2008) 

Kim, ML H.W. Chan, Science 305, 1941 (2008; 

published online 2 September 2008 (10:1126Acence. 

nno1soL. 

4 A.C. MHLW. Chan J Low emp. Phys. 138, 853, 
(2005) 

Kim, MLH.W. Chan Phys: Re. et. 97, 115302 2006). 

‘ASC fates}. D. Reppy, Phys: Rew. Let. 98, 175302 

007. 

7 AF Rae, Mihi, Sox Phys JETP 29,1307 (969). 

GV. Chester eat, Py Rev. 155, 88 (1967. 

P.W. Anderson, W.F. Brinkman, D.A, Huse, Science 320, 

1164 (2005, published online 3 November 2008 

(10.1126cence. 1118625), 


ve~ 


10, M.Bovinsegn tol, Ps: Rex. et. 97, 80401 2006). 

11S. Hea .R. Bat, 0. Simons, Phys, Rev. 830, 
2310988) 

12, € Seabum ta pair abend nav 702537 
2000. 

13, Ei MH. Chan, Phys elt, 97, 115302 (2006. 

14 Penzev ett, parnr/abscond ma10702632 
00. 

15. Stich a, Bul An. Phys, So. 5, 4502006) 

16. M.Bornseni,W Prokot ex, 8. stn, Py. Rv Let. 
96, 105301 2008, 

17.1. Pilip, tp orbcond 9612505 
2008, 


1B, A.V. Balatsty, 2. Nusinov, ML Ga, S.Trugman, Phys. 
Rev. B75, 094201 (2007). 

19, 5, Sasaki igure F Coup, H.) Mars, Saar, 
‘Science 313, 1098 (2006); published online 27 July 2006 
(10.11264cence 1130879) 

20. |. Day, . Beamish Phys Rev Let 96, 105304 (2006), 

21. 1.A Todostchenko M,Alles Janes, Ya, Prshin, 
separ ipsarivor/abicondna¥0703743 (2007) 

22. PP is supported in prt by NSF grant DMRO6OS769, 
‘ABYVis supported bythe U.S, Department of Enerpy 
{US BES € 308) and Los Almos Nationa Laboratory 
{ORO 2005 1164 DA) 


10.1126/science 1143866 


PHYSIOLOGY 


Sister Act 


David D. Moore 


Particular fibroblast growth factors function as metabolic hormones and act through a certain 
signaling cascade design to control specific states of homeostasis. 


I biologists know that the myriad 
enzymatic pathways. that extract 
energy from metabolites and convert 

them to essential products are literally the bio- 

chemical basis for life. Many also view these 
reactions as an indigestible list of obtuse facts, 
ch makes it all the more impressive that 
the late Dr. Robert Atkins, creator of the pop- 
ular high-protein, high-fat, low-carbohydrate 
diet, was able to pass on a relatively obscure 
aspect ofthis process to a substantial fraction 
of the public—namely, that ketone bodies. 
produced from metabolizing fat, accumulate 
when you fast, allowing the body to use fat 
instead of carbohydrates for energy. Like all 
metabolic processes, the production of ketone 
bodies from fat (a process called ketogenesis) 


is regulated. As Atkins stressed, “burning” of 


fat is blocked by insulin in response to eating 
carbohydrates but is activated by starvation 
and also by a low-carbohydrate “ketogen: 
diet. Two recent papers in Cell Metabolism 
(J, 2) have identified a remarkable and unex- 
pected role for an obscure growth factor in 
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this process, A third paper in the Proceedings 
of the National Academy of Sciences (3) 
reveals how another protein facilitates this 
growth factor’ effect on metabolism. 

The human genome encodes 22 members 
of the fibroblast growth factor (FGF) family 
(4), Most function in diverse processes such 
as development and wound healing. But three 
members—FGF19 (FGFIS in the mouse), 
FGF21, and FGF23—have recently emerged 
as metabolic hormones. FGF19 modulates 
bile acid biosynthesis, and itself is regulated 
by farnesoid X receptor (FXR), a nuclear 
ceptor that is activated by bile acids (5). 
regulates phosphate and caleium 
homeostasis, and its expression is controlled 
by the vitamin D receptor (6, 7). FGF21 hasa 
variety of beneficial effects on undesirable 
metabolic parameters. For example, treating 
obese mice (genetically engineered to lack 
leptin, a hormone that controls appetite) with 
FGF21 decreases the concentrations of serum 
glucose and triglycerides and increases 
insulin sensitivity (8). Similar results wer 
observed in obese rhesus monkeys (9). Ina 
etal. (1) and Badman et al. (2) now show that 
FGF21 expression in the liver of fasted mice 
activated by the nuclear hormone receptor 
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peroxisome _proliferator-activated 
receptor  (PPAR@r, also known as 
NRICI). 

Like other nuclear hormone 
receptors, PPAR@. directly regulates 
gene expression in response to low 
molecular weight signaling mole- 
cules. But unlike the well-known 
nuclear receptors that respond to 
endocrine hormones, PPAR«t belongs 
toa new group of metabolic recep- 
tors that respond to common meta 
bolites(/0, //), In the case of PPARG, 
ids can function as endoge- 
is signaling ligands, and itis well 
documented that PPARct functions 
in the liver to induce the expression 
‘of enzymes that promote fatty acid 
oxidation, This represents an ele 
gantly simple regulatory eireuit in 
hich the presence of the energy 
source activates an enzymatic path- 
\way that causes its own combustion, 

In fatty acid oxidation, the 
straight carbon chains are chopped 
into Wwo-carbon bits in the form of 
acetyl-coenzyme A (CoA). Among, 
the many potential fates of acetyl 
CoA is conversion into four-earbon 
ketone bodies that are released by the liver 
. particularly the 
‘an energy source. As Inagaki et al. 
eral. show, FGF21 promotes 

fatty acid oxidation and diverts its output to 
ketone body production. 

Both groups show that the dramatic induc 
tion of FGF21 expression in the livers of 
fasted mice is absent in transgenic mice lack- 
ing PPAR. Badman et al. used RNA interfer- 
cence to decrease endogenous FGF21 expres- 
sion, which resulted in markedly increased 
triglyceride levels in both the liver and serum 
‘of mice fed a ketogenie (low carbohydrate, 
high fat) diet. This was associated with 
decreased expression of fatty acid-oxidizing 
enzymes and also 3-hydroxy-3-methy 
taryl (HMG)-CoA synthase 2 (HMGCS2) 
‘and camitine palmitoyltransferase ta (CPT1a), 
key enzymes in ketone body production that 
are both gene targets of PPAR Inagaki et al. 
extended previous reports on the effects of 
both FGF21 treatment and transgenic overex- 
pression of FGF21 in the mouse liver to 
demonstrate inereased ketogenesis. Thus, in 
transgenic mice genetically engineered to 

F ‘overexpress FGF21. the normally low ketone 
g 


body concentration in serum was inereased 
severalfold, though the transgene did not fiur- 
ther augment the elevated levels in fasted 
& mice. Acute FGF21 treatment partially res- 
8 cued the defective ketone body production 
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Patterns in metabolic pathways. Thee diferent signaling pathways that 
regulate homeostasis may share a common design, involving a nuclear 
receptor, afibvoblast growth factor (FGF, an FGF receptor, and a member 
‘of the Klotho family of proteins. Each nuclear receptor forms a dimer with 
the retinoid X receptor (RXR); the Klotho proteins interact with distinct FGF 
receptor isoforms. Each pathway contributes to the broader mechanisms 
by which each nuclear receptor influences homeostasis. 


observed in fasted mice lacking PPAR. 
Surprisingly. increased ketogenesis in the fed 
FGF2I-overexpressing transgenic mice was 
not associated with elevated messenger RNA 
expression of HMGCS2 or CPT la inthe liver, 
although an increase in protein expression 
suggests possible posttranseriptional alter- 
ation in enzyme activity. 

A bigger surprise seen with the FGF21- 
overexpressing transgenic mice was a dra- 
matic increase in hepatic expression of several 
lipases usually found only in the pancreas. 
This was coupled with increased expression 
‘of more conventional lipases (and thus, lypo- 
lysis) in white adipose tissue. Inagaki et al. 
suggest that these increases in lipase activity 
may promote ketogenesis by augmenting the 
supply of fatty acids inthe liver. 

Here the story takes a bizarre turn, Mice 
‘maintained in constant darkness also express 
the same pancreatic enzymes in the liver and 
other peripheral tissues (/2). Li and col- 
leagues ascribe this phenomenon to increased 
concentration of Sadenosine monophos- 
phate (5'-AMP) and showed that treatment 
with 5'-AMP induces torpor in mice (12). 
Torpor is an extreme example of decreased 
energy output that is associated with drasti- 
cally reduced body temperature. Inagaki etal 
show that when FGF21-overespressing trans- 
genic mice were fasted for 24 hours. their 
body temperature declined dramatically and 
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locomotor activity ceased. Decreased 
body temperature was also observed in 
fasting wild-type mice when they were 
infected with an FGF21-expressing 
adenovirus or treated with a synthetic 
PPARot agonist. These observations 
clearly link the FGF21-PPAR« path- 
\way to torpor, but the specific relation- 
ship with 5’-AMP signaling remains to 
be explored. More broadly, in combin- 
ing the current results on fasting and 
etogenic response with previous re- 
sults on glucose metabolism, it is evi- 
dent that FGF21 is emerging as a regu- 
lator of overall energy balance, 

[tis intriguing that the link between 
FGF21 and PPAR: completes a tidy 
pattern, Each of the three metabolic 
FGFs is now closely tied to a function- 
ally complementary nuclear receptor 
signaling pathway. Determining whether 
this patter extends to downstream si 
naling molecules is complicated by the 
responses of the relatively limited 
number of FGF receptors to multiple 
F's (4). A major advance in this area 
was recently provided by yet another 
unexpected connection, Klotho was 
initially identified as a mouse locus 
that, when mutated, causes progeria, or pre= 
mature aging (13), Remarkably, interaction 
‘with Klotho protein converts wo specific i 
forms of FGF receptor | from general FG 
receptors to specific FGF23 receptors (/4), 
role that is nicely supported by striking sim- 
ilarities in the phenotypes of mice lack- 
ing either Klotho or FGF23, In Greek myth- 
ology. Klotho, along with Lakhesis 
Atropes, was one of three sisters responsible 
for spinning, measuring, and cutting the 
thread representing the fate of each individ- 
ual. And just as might be predicted, Klotho's 
awkwardly named sister BKlotho was very 
recently found to combine with either of two 
FGF receptor isoforms to confer a specific 
response to FGF21 (3). The possibility of'a sim- 
ple three-way nuclear receptor-FGF-Klotho 
sister pattern (see the figure) is supported 
by the existence of another close relative, 
Klotho-LPH related protein (KLPH) (/5). 
But as Macbeth learned, the pronouncements 
Of the three weird sisters must be interpreted 
with caution. Thus, mice lacking BKlotho 
(16) show bile acid defects similar to those in 
mice lacking either FGFR4 or FGF1S, rather 
than the triglyceride or glucose metabolic 
defects that would be anticipated from 
disrupting FGF21 signaling. Perhaps such 
phenotypes will emerge. At this early stage. 
however. the basis for downstream signa 
ing is one of a number of tangles in the 
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FGF21 and FGF15/19 threads that remain to 
be teased part. 
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BIOPHYSICS 


Long Live Electronic Coherence! 


William W. Parson 


Jants and photosynthetic bacteria use 
Porson “antennas” to absorb 

light and transfer the energy to reaction 
centers, which trap the energy in electron- 
transfer reactions, On 1462 of this issue, 
Fl and co-workers (/) provide new 
insights into how energy flows from the 
antenna pigments to the sites of photochem- 
ical activity 

The authors study the reaction center of 
purple photosynthetic bacteria (see the fig- 
ure). Ifthe bacteriopheophytins in this reac- 
tion center are exeited with light at 750 nm, 
the excitation moves to the accessory bacteri- 
ochlorophylls and then to the bacteriochloro- 
phyll dimer within 100 to 200 fy (2-4). The 
dimer then transfers an electron to one of the 
bacteriopheophytins via the intervening bac- 
teriochlorophyll. 

In thinking about how energy flows 
through these systems, a recurring issue is 
whether excitations jump stochastically from 
molecule to molecule or whether groups of 
pigments act together as “supermolecules.” 
‘The answer hinges largely on how rapidly 
interactions with the surroundings destroy 
electronic coherence created by excitation. 

Excitation of a complex containing two 
pigments leads to a combination of the ground 
state and in which one or the other mol- 
ecule is excited. The dynamical properties of 
an ensemble of such complexes can be 
expressed as a matrix, in which the diagonal 
elements are the probabilities of finding a 
complex ina given state and the off-diagonal 
elements represent the electronic coherence 
between pairs of states. 

Ifthe ensemble is excited witha short pulse 
of light, one or more off-diagonal elements will 
initially be nonzero, These elements oscillate at 


The author i atthe Department of Biochemistry Unives~ 
sity of Washington, Seattle, WA 98295, USA. E-mail: 
arsonb@ uashington.edu 


frequencies proportional 10 
the enemy differences between 
states—much like the beats in the 
sound of two bells ringing at 
slightly different frequencies. The 
amplitudes of these coherene 
willeventually decay tozeroasthe 
contributions from different mem 
hers of the ensemble get out of 
phase. But as long as electroni 
coherence remains, the ensemble 
will exhibit oscillatory spectro- 
scopic features, and a second or 
third pulse of light can reverse 
dephasing caused by static varia- 
tions of the energies, resulting in 
emission of a photon echo analo- 
gous to a spin echo in nuclear 
‘magnetic resonance (5,6). 

Oscillatory fluorescence in- 
dicative of vibrational coherence 
is well known in reaction centers 
‘and antenna complexes and typi- 
cally lasts for several picosee: 
conds (7, 8). Most investigators have assumed 
that electronic coherence decays much more 
quickly, because electronic excitation is asso- 
jated with a larger redistribution of charge 
and is therefore more sensitive to fluctuating 
fields from the surroundings. Two recent stud 
ies by Fleming and co-workers (/. 9) call this 
assumption into question, 

In both experiments, two laser pulses were 
focused on the sample in a spatially and tem- 
porally controlled manner, and a photon echo 
after a third pulse was measured. Engel et al 
(9) studied an antenna complex from green 
sailfur bacteria that has seven bacteriochloro- 
phylls per protein subunit. They found that a 
pulse resonant with one of the absorption 
bands of the complex could bring oscillations 
initiated earlier by light resonant with a differ- 
cent band back into phase. The resulting echo 
was seen even when the delay between the 


Synchronized excitations may be key to 
energy transfer in photosynthetic bacteria, 


Correlated effects. In the reaction center of purple photosynthetic 
bacteria, energy is transfered froma bacteriopheophiytin (blue) via 
an accessory bacteriochtorophylt (yellow) to the adjacent bacterio- 
chlorophyll dimer (re); part ofthe surrounding protein is shown in 
black (22). Fleming and co-workers (2, 9) suggest that some of the 
protein’s vibrational modes could have correlated effects on the 
excitation energies of multiple pigments. 


second and third pulses was 660 fs indicating 
that the complex retained electronic eoher- 
ence for at least this long, 

Lee et al, (1) have now used sep: 
pulses of 750- and 800-nm light to generate 
‘coherence between excited states of the batt 
riopheophytins and bacteriochlorophyils in 
bacterial reaction centers. Photon echoes after 
a third pulse showed that electroni 
between the two excited states pers 
hundreds of femtosecond. 

The authors suguest that electrot 
ence is preserved in pigment-protein 
plexes because some of the prot 


vibra- 
tional modes have correlated effects on the 


transition energies of multiple pigments. 
These vibrational modes thus affect the 
energy differences between pigments le: 
than their absolute energies—allowing ele 
tonic coherence to be preserved. For exam- 
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ple, motions ofan a-helix might cause similar 
‘changes in the electrical fields acting on sev= 
eral pigments bound to that helix. 

Electronic coherence could facilitate en- 
ergy migration by allowing excitations to be 
sensed simultaneously at multiple sites within 
the protein. These ideas remain to be explored 
by detailed molecular-dynamics simulations 
and quantum calculations. t seems clear, how= 
ever, that a complete description of enerzy 
migration in photosynthetic complexes will 
have to include electronic coherence. 

Recent work by Woodbury and co-workers 
(10) addresses how motions of the reaction 


center protein affect the rate of electron trans- 
fer from the bacteriochlorophyll dimer to the 
tial electron acceptors. Their results suggest 
thatthe energies ofthe electron-transfer states 
may be more strongly coupled to protein 
‘motions than are the shorterlived excited 
states probed in the photon-echo experiments, 
bby Fleming and co-workers (/. 9). 
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GEOPHYSICS 


Listening to the Crackle of 
Subducting Oceanic Plates 


Andreas Rietbrock 


reas called subduction zones occur 
At the ocean where one section of 

Earth’serust (the lithosphere) collides 
with another and descends into the mantle 
(sce the figure). Although these zones are of 
substantial seientifie interest, they also have 
great social and economic importance. Most 
of the world’s disastrous earthquakes and vol- 
canoes take place at subduction zones, as well 
as geological processes that generate many of 
the ore deposits on Earth, 

We can map the path of the descending 
lithospheres by measuring the abundant seis- 
mie activity in the subduction zone. Since it 
‘was first observed in the early 1930s, however, 
the precise nature and cause of this seismicity 
hasbeen debated. On page 1472, Brudzinski et 
al. report a major step forward in our under- 
stinding of the geophysical and geochemical 
processes at work in these seismic regions (/). 

The deep layers of seismic activity in sub- 
ducting regions are called Wadati-Beniof? 
zones ( WBZs) and can be found as deep as 
700 km, Originally, WBZs were believed to 
be single layers of seismic activity, but they 
have turned out to be more complex. The 
first convincing observation of a double 
WBZ beneath northern Honshu, Japan, 
was made by Hasegawa ef al. (2), and 
they reported a separation distance between 
the two layers of about 30 to 40 km. Since 
then, the geoscience community has been 
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puzzled by the relative rarity of double WBZs, 

Recently, as a result of a huge increase in 
seismological data collected and the availabil- 
ity of new data-processing tools, hints of dou- 
ble WBZs with much smaller separation dis- 
tances(<10 km) have been found in many df= 
ferent subduction zones (3). Brudzinski et al. 
have taken these observations further and pro- 
pose that double layering of seismicity is an 
inherent feature of WBZs in the depth range 
between S0and 300 km (which they refer toas 
double Benioff zones, or DBZs). 

The origin of WBZ seismicity has been 
controversial for several reasons. Brite failure 
oF, more precisely. sudden slip along a pre- 
existing fault or plate interface isthe cause for 
most of the earthquakes in Earth’s crust 
((<50 km depth), However, due tothe high tem- 
peratureand pressure at the depth level of WBZ 


Double zones of seismic activity now appear to 
be a general feature of tectonic plates pushed 
deep into Earth, providing new clues to the 
‘sources of deep earthquakes, 


seismicity the material will instead undenzo 
‘ductile deformation, which inhibits earthquake 
faulting. Therefore, different processesare nec 
essary for the generation of WBZ seismicity. 
‘A commonly accepted model for 
deeper aetivty is dehydration embrittlement, 
in which fluids released by hydrous minerals 
of the enust and mantle ofthe slab can lead to 
high pore pressures, reduce the effective stress 
‘on preexisting faults, and hence promote the 
‘occurrence of earthquakes (4). In the upper 
layer of seismicity, researchers believe that a 
mineral transformation from basalt to eclogite 
inthe oceanic crust is the main reaction pro- 
‘moting earthquakes and causing an increase of 
seismicity in this depth range. As yet, there is 
‘such consensus about which of the numer- 
‘ous possible hydrous minerals might explain 
the lower band of seismicity in double WBZs. 


Double seismicity. At subduction zones, one tectonic plate descends under another. Earthquakes occur 
along suraces called Wadati-Beniolf zones (WEZs) to depths of more than 700 km. Brudinski et al. have 
‘now found that double WBZs may be a general feature of subduction zones. From these observations, 
‘detailed geophysical and geochemical processes inside them can be deduced. 
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Brudzinski et al. have now found a direct 
correlation whereby older oceanic plates 
show a greater distance between regions of 
They conclude, based on thermal- 
pe 1 models developed by Hacker et 
al, (5), that dehydration of the mineral antig- 
orite is responsible for the seismicity in the 
lower layer of double WBZ, 

Although the detailed geophysical expla- 
nation presented by Brudzinski eral. for the 
double seismic zane might be debatable, they 
observe that double WBZsare the ruleand not 
the exception during subduction of oceanic 
lithosphere, This provides an important new 
constraint forall models developed to explain 
the occurrence of WBZ seismicity. However, 


further work on the stress accumulation and 
dissipation in the lithosphere during subduc~ 
tion is necessary to understand the faulting 
‘mechanism causing seismicity in double WBZ 
or even triple WBZ, as proposed for some 
regions beneath Japan (6). 

Brudzinski et al. show that, as the number 
of seismological stations and the availability 
of digital seismic traces increases, the global 
earthquake catalog will become accurate 
‘enough to delineate the fine structure of seis- 
icity (on the order of a few kilometers) on a 
global scale. This accuracy will increase in the 
near future as a result of large seismological 
‘observation initiatives like EarthScope in 
the United States or the NERIES program 


(Network of Research Infrastructures. for 
European Seismology) in Europe, which will 
make more high-quality digital data readily 
available for seismologists worldwide, 
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ATMOSPHERE 


Deglaciation Mysteries 


Ralph F. Keeling 


etween 19,000 and 11,000 
B: safe the Eat et 
'erged from the last glacial 


period. During this deglaciation, 
the earbon dioxide (CO,) coneen- 
tration in the atmosphere rose from 
180 10 265 parts per milion (ppm). 
Over the same period, the radio- 
carbon content of the CO, fell by 
~35%. A simple but unproven ex- 
planation for both changes is an 
ines ¢ in the rate at which the 
ocean's subsurface waters: were 
renewed by exchange with aerated 
surface waters—a process known 
as ventilation. A ventilation in- 
crease could increase atmospheric 
CO, concentration by releasing 
excess CO, that had accumulated 
in subsurface waters by the decom- 
position of 
page 1456 in thi 
etal, (1) bolster the ease 
a ventilation increase and offer in- 
sight into how the inerease may have occurred. 
To track changes in past ventilation, most 
researchers have turned fo measurements of 
the radiocarbon ('4C) content of shells of 
foraminifera, a ubiquitous marine microor- 
ganism, Radiocarbon is produced naturally in 
the upper atmosphere by cosmic rays and 
spreads through the ocean as part of the pool 
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CO, release 


Glacial state 


Early deglacial state 


Deep-water ventilation. This cross section ofthe Pacific Ocean shows how poorly 
ventilated water may have been delivered to intermediate depths during deglacia- 
tion, as suggested by Marchitto eta. (Top) Ventilation ofthe deep ocean by sink- 
ing around Antarctica was partially suppressed by acap formed by sea ice ora layer 
‘of low-salinity water. (Bottom) This cap was removed during early deglacal warm- 
ing, exposing upwelled deep waters to the atmosphere, releasing radiocarbon- 
depleted CO,, The density ofthe poory ventilated waters was reduced by freshen- 
ing and warming. With reduced density, the water could spread widely at interme- 
diate depths, displacing waters of similar density. 


of dissolved carbon, Because of radioactive 
decay, waters that are more isolated from the 
atmosphere (that is, more poorly ventilated) 
have lower 4C/C ratios, as do 


fossil shell therefore reflects the age of the 
shell plusthe age of the waterin which it lived. 
By subtracting the radiocarbon ages of sur- 


face-dwelling (planktonic) and bottom- 
dwelling (benthic) foraminifera, picked from 
the same layer of sediment core. itispossible 
to estimate age difference of surface and deep 


Results from a sediment core provide insights 
into ocean circulation changes during the last 
deglaciation, 


waters, Which is a measure of 


9m the deep-water ventilation rate, 
This technique, applied to 
‘numerous sediment cores, has 
2800. thus farmainly yielded the unre- 
4000 m —-markable result that the ventila- 


tion rate ofthe glacial ocean 


's 


very similar to that of today’s 
om ocean, atleast down toa depth 
of ~2800 m (2). Thus, if there 
was a major chan; 
2800 ventilation during deglaciation, 
coo m this change must have occurred 


in ocean watersbelow that depth, 
However, despite some tan- 
talizing results (3), no general 
picture has emerged for waters 
below 2800 m, because ofmeth- 
odological difficulties related 
to the low sedimentation rates 
that typically characterize cores 
from these depths. 

Marchitto et al, focus on a 
sediment core recently hauled 
up off Baja Califomnia from a depth of 700 m, 
seemingly too shallow for studying deep ven- 
tilation. The core contains bands correspond- 
ing to a set of millennial climate oscillations 
first discovered in ice cores from Greenland, 
allowing absolute dates to be fixed within the 
core. Using these dates, the authors correct the 
MCMC ratios of benthic foraminifera for 
radioactive decay, thus establishing the origi 
nal 4C/PC ratio of the water in which the 
foraminifera lived. The technique does not 
require #C/2C measurements on planktonic 
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foraminifera, which are subject to potentially 
large systematic erro 

The results show two periods during 
deglaciation when the bottom water attheir site 
had unexpectedly low 4C/2C ratios, The water 
‘Was so old that it must have been delivered to 
the site by upwelling from greater depth, pre- 
sumably fom below 2800 m. The oldest waters 
found by Marchitto eral. have an age of ~4000 
years. For comparison, the oldest waters in the 
modern ocean have an age of ~2300 years, 

The study provides the strongest evidence 
to date that the glacial ocean contained some 
very poorly ventilated water somewhere in its 
depths. The low-"C periods coincide with 
the periods when atmospheric radiocarbon 
decreased and atmospheric CO, increased 
most rapidly during deglaciation. The results 
are thus a convincing fingerprint of a process 
that flushed excess carbon from an isolated 
deep reservoir toward the surface, thereby 
driving the atmospheric changes. 

Today, waters below 2800 m are ventilated 
by two routes. One involves the sinking of aer- 
ated surftce waters in the North Atlantic, the 
other sinking of such waters near Antarctica. 
During the last glacial period, both routes 
probably weakened, with the southern route 
possibly influenced by sea ice or surt 
freshening (see the figure, top panel). During 
ilacial times, the deep ocean would thus have 
been less ventilated than it is today. 

But how could low-4C waters get to 
Marchitto et a’Score site during deglaciation? 
Much of the upwelling of deep water occurs 


today around Antarctica, resulting in the for- 
mation of Antarctic Intermediate Water, low- 
salinity water mass that spreads northward at 
intermediate depths. Marchitto et al. hypothe- 
size that a similar process occurred during 
deglaciation, allowing upwelled water to 
spread northward to their site (see the figure, 
bottom panel). However, the evidence for this 
southern pathway is circumstantial. 

The results help to reconcile the recon- 
structed trends in atmospheric radiocarbon 
\ith the estimated trends in the production of 
radiocarbon by cosmic rays—a comparison 
that seems to demand an increase in ocean 
ventilation during deglaciation (4), They sup- 
port theories that attribute the bulk of the gla- 
cial-interglacial CO, change to changes in 
‘ocean ventilation (5.6). 

The study also provides support fora the- 
‘ory for how the glacial ocean differed from 
today’s ocean as a result of the cooling of 
deep waters to nearly the freezing point. 
Cooling to this extent is expected to allow the 
salty brine that is released during sea ive for- 
mation to accumulate more easily in the deep 
‘ocean (7). This idea is supported by sediment 
pore-water studies (8). By blocking the input 
of fresh water from precipitation, sea ice 
could also reduce the conversion of upwelled 
deep water into low-salinity Antarctic Inter 
mediate Water (7). A strengthening of inter- 
mediate-water formation during deglaciation 
is consistent with a breakdown of this state 
caused by warming, 

The study nevertheless leaves the skeptics 
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\with arrows in their quiver, Marchitto er al’s 
low-!4C waters are so old that they start to 
stretch credibility, especially considering that 
the deep reservoir from which the water was 
drawn must have been even older. (This fol- 
lows because some mixing with younger 
water would unavoidably have occurred dur- 
ing upwelling and transit to the site.) How 
could prior studies have overlooked deep 
waters this old? 

If Marchitto er al.’s interpretation is cor 
rect, evidence for old water at intermediate 
depths should be present throughout the South 
Pacific in sediments of the appropriate age 
and depth, If subsequent work supports the 
findings, we may look back at this study as a 
key turning point in the quest to understand 
glacial and interglacial CO, changes. 
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MOLECULAR BIOLOGY 


Site-Seeing by Sequencing 


Stanley Fields 


very few years, a new technology comes 
E long that dramatically changes how 
indamental questions in biology are 
addressed. The impact of the technology is not 
always appreciated at first—when it is used 
only by those involvedin its development —but 
becomes clear once the technology begins to 
spread to the broader scientific community. A 
‘well-known example is the DNA microarray 
which became widely available to biologi 
about a decade ago and has since been applied 
toan ever-expanding set of questions such as 
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determining the profile of genes expressed ina 
specific cell type. Now its ultrahigh-through- 
put DNA sequencing that is making the transi- 
tion from development to widespread use. 
Johnson and colleagues are in the vanguard of 
this movement. On page 1497 of this issue (/), 
they report that an advanced DNA sequencing 
technology (from Solexa Illumina) ean be used 
to identify all the locations in the human 
genome where a specific protein binds, They 
do this with a speed and precision that goes 
beyond what has been achieved with previous 
technologies. 

DNA-binding proteins control transcrip- 
tion, replication, DNA repair. and chromo- 
some segregation, Given the importance of 
these proteins, identifying their binding sites 


‘An advance in DNA sequencing is a crucial 
component of a rapid, precise, and relatively 
inexpensive way to identify transcription 

factor binding sites at a whole-genome level. 


throughout the genome has occupied much 
attention in recent years. The most common 
method of locating these sites within a living 
cell is known as chromatin immunoprecipit 
tion (ChIP). In thisapproach, cells are treated 
with a reagent, typically formaldehyde, that 
crosslinks protein and DNA. and then the cells 
are lysed Chromatin (the complex of proteins 
and DNA in chromosomes) is isolated, the 
DNA is sheared into small fragments, and an 
antibody is added to precipitate the protein 
and its associated DNA, The DNA that is 
liberated after reversal of the protein-DNA 
crosslinks is then analyzed. In the initial uses 
of this method, researchers analyzed the DNA 
to determine whether single genes were 
enriched by the immunoprecipitation. 
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The classic genomic ap- 
plication of this approach— 
‘which began about 3 years 
ago—analyzes no single genes 
but all precipitated DNA. 
fragments by using them as 
probes ona DNA microarray. 


au. 


Protein binding, across the genome. The ChiPSeq method described by Johnson et al 
identifies binding sites across the whole human genome fora specific protein. The contro 
{or this procedure omits the antibody step. The final panel shows a cluster of individual 
sequence reads (red botes) that map back to the same region of the genome and locate 


23 protein binding site. 


“read” at 25 nucleotides per 


giving rise to the pithy ‘Saoutecca. read. They then used an algo- 
(albeit repetitive) moniker: rithm they developed to map 
ChIPechip. A neoaray is exe eine ‘genome and 
an ordered arrangement of et P, identify regions where reads 
defined DNA. fragments VPLS FOES cluster together. They found 
immobilized on a surface. = VAY all locations in the genome 
It is used to identify DNA that met two criteria: at least 
siquencetprcientinasan-  \RYAVAYS, 13. independent. sequence 
ple through the hybridization VA VA PRY /—eedsand an enrichment of at 


of complementary strands, 
Pioneered in the yeast Sac- 
charomyces cerevisiae (2, 3), 
ChIP-chip was quickly ap- 
plied to mammalian cells to 
identify binding sites tor 


Isolate chromatin and fragment it 


least fivefold relative to the 
control. The largest cluster 
mained 6718 reads; in 
other words, a single NRSF 
binding site was found 6718 
times in the sequence data. 


transeription factors (4, 3). VIP YASS What does this study 
More recently, it has found aad. peoteinspecieanibody reveal about NRSF binding 
new applications in theanaly- and puny pote DNA complexes sites? NRSF binding was 
sis ofthe distribution across detected at nearly all ofits 
the genome of modified his- AY, canonical motifs in the 
tones and histone binding Y/./ ‘genome, indicating that all 
proteins (6, 7). To improve VAYVAVAY/ sites are accessible to the pro- 


this technique, Johnson et al 
dispense with the “chip” 


Reverse crosslinks and isolate ONA 


in the cell type analyzed 
(a human T cell line). Most 


of ChIP-chip and identify sites bound by the factor were 
protein-bound DNA. frag VAS also identified, indicating that 
ments by direct DNA se- Size select DNA the sequencing approach is 
quencing (see the figure), a comprehensive. As befits a 
‘ethos they call ChIPSeq. repressor, binding of NRSF 

The focus of their study VAYS near promoters (DNA regions 
is a protein called neuron- pare where transcription factors 
restrictive silencer factor or Sequence DMA bind to control their target 


repressor element-| silene~ 
ing transcription factor (indi~ —sososounc ons 
cated here as NRSF),amam-— > — 
malian transcriptional re- 
pressor that silences the ex- 


genes) correlated with low 
levels of transcription of the 
associated genes. New bind- 
ing motifs were also discov- 
ered. including those having 


Each red box 
pression of neuronal genes in denotes a two half-sites with noncanon- 
nonneuronal cell types and in sequence read ical spacing between them, 
neuronal progenitor cells and those composed of only 
(8. 9). Many NRSF binding Map sequence to genome _—individual half-stes. Finally, 
sites have been well charac ‘genes bound to RSF arehigh- 


terized and comprise a 21-base pair DNA 
sequence motif containing two nonidentical 
half-sites of 10 base pairs each. Johnson er al 
recovered DNA. samples from chromatin 
treated with a monoclonal antibody against 
RSF and mapped the DNAs to the human 
genome by determining their nucleotide se- 
quences (see the figure). Control DNA sam- 
ples were derived from chromatin not treated 
‘with the antibody. For this approach to work, 
they needed to sequence many fragments, and 
they did: Two to 5 million sequences were 


ly enriched for functions involved in synaptic 
transmission and nervous system development. 
What are the advantages of ChIPSeq over 
ChIP-chip? For one. the whole genome can be 
assayed by a sequencing approach, rather 
than only those DNA regions captured on 
microarray. However. this advantage dimin- 
ishes as genome tiling arrays, which present 
the whole genome in an arrangement of over- 
lapping DNA fragments, approach the res 
lution of just a few nucleotide bases. ChIPSeq 
also avoids the complications of array hybrid- 


ization, such as probes with different optimal 
temperatures for binding to their complemen- 
tary strands, probes that hybridize to more 
than one DNA sequence, and interference of 
hybridization by DNA secondary struct 
Furthermore, ChIPSeq, as currently per- 
formed. is only half the cost of human whole- 
genome tiling arrays. Perhaps most usefully — 
given the increasing number of genome 
sequences now available—ChIPSeq 
immediately be applied to any of those 
rnomes, rather than only those for which 
microarrays are available. 

With the success of this study, the localiza- 
tion of binding sites for many other proteins 
including transcription factors, structural com- 
ponents of chromatin, modified histone pro- 
teins, and the enzymes that modify them —will 
likely be mapped. by ultrahigh-throughput 
DNA sequencing. However, current high= 
throughput sequencing approaches (Solexa/ 
lumina and the 454 Life Seiences platforms) 
are not limited to identifying the sites in the 
‘genome visited by DNA binding proteins, They 
will find considerable use in resequencing 
genomes; a recent well-publicized example 
the genome of James D. Watson, They will be 
used to discover new genes, such as those 
encoding small RNAS and microRNAs, And as 
Johnson et al, point out, the large number of 
individual sequence reads provides a direct 
‘count of the sequences present in any sample. 
‘Thus, zene expression profiles of cells and tis- 
sues, comparative genome hybridization 
between, for example, DNA from normal ver= 
‘sus tumor cells, the messenger RNAs that are 
present on polysomes and being translated 
to proteins, and numerous other nucleic acid 
measurements can be accomplished easily, 
cheaply, and accurately by a sequencing 
approach. The technology that is most thre 
ened by the widespread adoption of ultrahi 
throughput sequencing? The DNA microarray. 
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Imaging Atomic Structure and 
Dynamics with Ultrafast 


X-ray Scattering 


K. }. Gaffney® and H. N. Chapman? 


‘Measuring atomic-resolution images of materials with x-ray photons during chemical reactions 
‘or physical transformations resides at the technological forefront of x-ray science. New x-ray-based 
‘experimental capabilities have been closely linked with advances in xcray sources, a trend that 
will continue with the impending arrival of x-ray-free electron lasers driven by electron 
accelerators. We discuss recent advances in ultrafast x-ray science and coherent imaging made 
possible by linear-accelerator-based light sources. These studies highlight the promise of ultrafast 


x 


y Lasers, as well as the technical challenges and potential range of applications that will 


accompany these transformative x-ray light sources. 


‘any seminal advances inthe natural 
Mics snisinistnis sr 

‘of critical structures with atomic 
resolution, X-ray diffraction has proven to be 
among the most powerful tools for determining 
the atomic structures that indamental 
advances in scientific disciplines ranging. from 
biology to solid state physics, Although all ob- 
jects scatter x-rays, crystal formation has been ant 
‘essential step in the measurement of atomic- 
on structures for the majority of materials, 
Because of the regulir arrangement of atoms in a 
cerystal as opposed to an amomhous material, the 
X-ray scattering from the repeating structural unit 
aus coherently at periodically arranged Bragg 
ks. This amplification greatly reduces the 
‘ray fluence required to measure a high-resolution 
«liffaction patter, but away fom the Braga peaks 
the scattered intensity remains 100 weak to mea 
suire, losing much of the information contained in 
the continuous molecular transform of the under- 
[ying structural unit, Even so, crystallography has 
remained the only method to measure difliaction 
a the large seattering angles required for the 
determination of high-resolution structures. The 
inability to crystallize important samples, how- 
‘ever, has impeded progress in materials science 
and structural biology (1) 

Measuring the continuous x-ray scattering 
pattem directly from a nonperiodic object, a 
Jenstess imaging technique inspired by erystal- 
ography, provides an alternative methox! for 
structure determination (2), This imaging tech- 
hique requires the illuminating x-ray beam to 
maintain phase coherence across the entire 
‘width of the object, or across many repeating 
structural units in crystallography, in order to 
retrieve structural information. To coherently 
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illuminate an object with the full uence of 
X-ray beam requires the source to possess laser- 
like properties. 

For coherent imaging, as with crystallogra- 
phy, x-ray exposure determines the achievable 
resolution, and radiation damage sets the maxi- 
n dose. The necessity of limiting the dose 


its coherent imaging from achieving atomistic 


resolution at synchrotrons designed to produce 
high average, but low peak, flux and has limited 
the technique to relatively lange objects (3. 4), 
such as cells (5). Delivering the radiation dase to 
the sample in an extremely intense single x-ra 
pulse before the onset of radiation degradation 
provides a strategy for high-resolution x-ray 
imaging without crystallization (6, 7). Sponta- 
neous synchrotron radiation cannot generate the 
peak coherent intensities necessary for innagi 
with a single pulse of light, but free electron 
lasers operating in the extreme ultraviolet have 
demonstrated that “instantancous imaging” can 
bbe achieved (8) and x-ray-fiee electron lasers 
XFEL) (9) have the promise of making atomic 
resolution imaging possible (7). 

More than sample preparation and radiation 
damage limit the utility of xray crystallography. 
An additional limitation has een the inability 10 
‘observe atomic-level structure on the time scale 
ff atomic motion, Dircet visualization of the 
dynamics with x-ray scattering would greatly en- 
hance our ability to study the nonequilibrium 
Properties of materials and the pathways. fol 
lowed during infrequent equilibrium events, such 
as chemical reactions. Although time-resolved 
measurements have been made with use of the 
nominally 100-ps synchrotron pulses (/0, 11), 
these sources are insulficient for single-shot 
diffractive imaging and for most measurements 
‘of structural dynamics. Single-shot x-ray imag- 
1g requires an extremely high per-pulse coher 
cent fluy, which ean only be achieved with an 
S-ray laser, and both methodologies require fi 


duration x-ray pulses to image materials before 
the onset of x-ray damage and to temporally re- 
solve atomic and molecular motions. Synchrotron 
pulses would need to be roughly a thoussind 
shorter than their typical duration to achieve this 
temporal resolution, which cannot be aceom- 
plished at standard beam currents, 

Linear electron accelerators provide an 
aliemative approach to generating x-rays that 
‘bypass the dominant limitations of synchrotrons. 
In a linear accelerator, the electrons donot re- 
circulate, making it possible to generate 8 much 
brighter electron beam. Brightness represents the 
product of transverse spot size, divergence, en 
‘rgy spread, and pulse duration of'a particle beam, 
‘The short clectron pulse durations make it pose 
sible to generate fs x-ray pulses with per-pulse 
ty fluences comparable to those af synchrotron, 
‘The Stanford Linear Accelerator Center (SLAC) 
built just such a facility, the Sub-Pieosecond 
Pulse Source (SPPS), demonstrating the unique 
‘opportunity linear accelerators provide as ultra 
fast x-ray sources 

Whereas the SPPS generated spontancous 
Jhrotron, the tremenklous bright- 


xerays like 
ness of 
lasing at x-ray wavelengths possible (12), The 
FLASH facility (/3) at the Deutsches Elektronen 
Synchrotron currently generates extreme ultra 
(UV) laser light with photon energies rany- 
g fiom 20 10 200 eV. The Linac Coherent Ligh 
‘Source (LOLS) (/) at SLAC will be the workd’s 
first XFEL starting in 2009, with other XFEL 
facilities scheduled to follow (/5, 16), These fa- 
Gilities will generate x-ray photons with ene 
ranging from 800 eV t0 12 keV. 

‘The wavelength of the radiation at FLASH 
Fimits the spatial resolution to tens of nanometers 
With the arrival of the LCLS and future facili- 
ties, x-ray beams with peak brightness 10° mes 
brighter than that of current synchrotron will be 
produced (/7), This combination of high peak 
brightness, A wavelengths, and f§ pulse durations 
provide the necessary ingredients for pursuing 
‘tomic-resolution imaging and ultrafast science, 


Femtosecond X-ray Scattering Studies 
of Structural Dynamics 
Ultrafast laser spectroscopy has transformed 
‘our understanding of dynamics in the natural 
sciences. A few canonical measurements, cou 
pled with theory and simulation, have provided 
robust atomic-scale descriptions of important 
structural transformations. However, for many 
important processes our interpretations rem 
largely speculative. This has driven the develop- 
ment of short-pulse x-ray (/8-20) and electron 
21) sources for probing dynam 
For the majority of experimental studies of 
dynamics, a laser pulse initiates the transient 
phenomena by promoting electrons into non- 
equilibrium excited states. For ultrashort laser 
pulses this electronic excitation impulsively mod- 
ities the potential energy surface of the atomic 
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nucle, This excited-state potential-energy sur- 
e determines the structural pathway followed 
afier laser excitation. Determining the shape of 
the potential energy surface represents the crite 
ical, but generally difficult, objective of exper- 
imental studies of nonequilibrium structural 
dynamis. 

‘The laser disondering and melting of semi- 
conductors represent a classic demonstration of 
the limitations of optical studies and the po- 
tential of ultrafast x-ray sources for studying 
-s. Early experimental work 
intense f§ pulse excitation of 
a silicon erystal led to a sub-ps inerease in the 
reflectivity (22). Although absorption of the laser 
generates an increased reflectivity because of 
the direct excitation of cariers, the magnitude of 
the observed change could not be explained by 
this effect alone and fed 16 the conclusion that 
intense laser excitation causes a semiconductor 
to metal transition, Because Si forms a metallic 
Tiquid, metal formation was attributed to erystal 
melting, 


The rate of this purported phase transition 
exceeds the rate of energy transfer from the ex 
Cited electrons tothe erystal vibrations, leading to 
the supposition that the melting occurs nonthe 
mally. Theoretical studies have supported this 
supposition by predicting that excitation of rough- 
ly half an cleciron per atom generates a crystal 
instability that spontancously leads to crystal mett- 
(23), Although ultrafast changes inthe visible 
reflectivity ed to this hypothetical nonthermal 
mechanism, these optical stuxies cannot 
n the conjecture. 
puzzling situation made nonthermal 
melting a natural phenomenon for illustrating 
the viability of fs x-ray scattering (24), Studies 
‘of laser-excited InSb crystals with laser plasma 
generated f5 x-ray pulses observed a lange am- 
plitude decay of the (111) Bragg peak intensity 
in less than a ps (24). These measurements pro- 


vided the first direct experimental evidence that 
on 


large-scale atomic disordering proceeded 
srently with the large increase in optical 
Alcctivity, but they could not identify the melting, 


Bond softening excitation 


Interatomic distance 


Distribution of atomic positions 


Displacive excitation 


D 


Energy 


Interatomic distance 


Distribution of atomic positions 


Fig. 1. (A) Schematic representation of photogenerated softening of the interatomic potential in 


InSb (25). (B) Time-dependent distribution of atomi 


ic positions following bond softening. The initial 


Gaussian distribution broadens linearly with time and with a velocity determined by the root mean 


square atomic velocities before laser excitation. (C 


) Schematic representation of a photogenerated 


shift in the equilibrium bond length in a bismuth crystal (30, 34). (D) Time-dependent distribution 


‘of atomic positions after displacive vibrational excitation. The frequency 


vibration determines the period of the oscillation 


the coherently excited 
in average atomic position, whereas the mag- 


nitude of the shift in equilibrium position determines the amplitude of the oscillation. 
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mechanism because of the limited source 
intensity 

The higher x-ray fluence and shorter pulse 
duration of the SPPS x-ray souree provided a 
‘new opportunity to determine the mechanism for 
‘nonthermal melting of InSb (25-27). Initial mea- 
surements demonstrated that, forthe frst half ps 
aller laser excitation, the atoms disorder inertially 
The constant velocity dynamics of the ionic cores 
observed in the experiment occur with a thermal 
velocity distribution unchanged by laser excita- 
tion and generate large-scale inereases in crystal 
disorder, Only at substantially higher carrier den- 
sities was accelerated disordering observed as 
predicted by theory )- Inertial dynamics do 
‘not, however, eliminate the ionie memory of the 
crystallographic lattice. The average atom posi- 
tions in the crystal have not changed, only the 
Width of the distribution for the nuclei (Fig, 1. A 
and B), This demonstrates that the formation of 
a liquid requires collisions that randomize ionic 
momenta, The observation of diffusive atomic 
motion on the ps time scale suggests the emer 
gence of liquid dynamics (26), but 
the formation and structure oft 
phase cannot be achieved with crystallography. 
Observing the short-range onder of the liquid phase 
requires the measurement of diffuse scatter 
thas been achieved with ultratast electron dif 
tion measurements of laser melting of aluminum 
28) and which could be carried out with an 
XFEL source. 

Although linear accelerator-based ultrafast 
per-pulse flux than 
altemative ultrafast X-ray sources (1-20), they 
lack the inherent time synchronization between 
the x-ray probe and the laser exeitation pulse of | 
these altemative sources. Ina laser pump inear 
accelerator-drived ‘ray probe measurement, the 
laser pulses must be synchronized to the x-ray 
pubes, Synchronizing the luser to the radio. c= 
quency fic that accelerates the electrons no 
nally achieves this goal but does not ensure 
high-quality synchronization. The residual timing 
jimer between the x-ray and laser pulses results 
in sho tions in ther relative times of 
od over multiple pulse 
‘airs has standard deviation of roughly Ips for 
the SLAC linear accelerator (29), Any experi 
‘ment that averaged the signal from multiple 
pulses without accounting for this jitter would 
have ps time resolution, even with 1005 pulses. 

Seeing time synchronization as the primary 
technical challenge to studying ultrafast dynam 
ics with x-ray laser sources, the SPPS collabora- 
tion developed an electro-optic sampling (EOS) 
technique for measuring timing jitter on a shot- 
to-shot basis by cross-comelating the laser pulses 
used for sample excitation with the electric 
field fom the electron bunch used to produce 
the x-ray pulses (29), Ideally, the cross correlation 
‘would be between laser and s-ray pulses, but the 
‘weak -ray-matter interaction makes this much 
‘more chal A laser pump x-ray probe in- 
\estigation of coherent vibrational motion in a 
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bismuth crystal confimmed the ability of the EOS 
measurement to accurately determine the shotto- 
shot time delay (30). 

In this study, fi laser pulse excitation of 
bismuth changes the equilibrium structure of the 
Uunitcell and leads to coherent vibrational motion 
(31-33) Fig. 1, C and D). This coherent motion 
‘generates large-amplitude oscillations, in partic 
ular Bragg peaks such as the (111) reflection (34), 
“This experimental observation of strong ~300-Is 
tions in the (111) Bragg. diffraction 


as a timing diagnostic (29, 30). These measun- 
ments also provided a detailed characterization of 
the excited state potential, Further demonstrating 
the utility of ultrafast x-ray scattering for the 


A 


study of structural dynamics. Coherent vibration- 
al motion in a ferroelectric crystal has also been 
observed with ultrafast x-ray diffraction by using 
laserstioed x-ray pulses fiom a synchrotron (35), 
X-ray slicing sources represent_an important 
development in ultrafast x-ray science with per 
formance attributes distinet from XFEL sources. A 
complementary discussion of nonthermal melting 
and displacive excitations, as well asa discussion 
‘of data analysis, can be found in the Supporting 
Online Material (SOM) text. 

Coherent X-ray Imaging with 

‘Atomic Resolution 


Kectromagnetic radiation ean be used 10 im- 
age objects with a spatial resolution ultimately 


i 


limited by the wavelength, 2, of the radiation, Im- 
age formation can be simply described as inter 
ferometry: the light scattered by an object must 
bbe recombined so that it interferes at the imag 
plane. Performing this reinterference dircetly 
With an abermtion-free lens makes difftaction- 
limited imaging possible with visible radiation 
In the simple case of illumination with a coherent 
plane wave, the achievable resolution equals d 
2/sin 8, where @ represents the highest scattering 
angle collected by a Kens or detector. AL x-ray wave- 
lengths, however, manufacturing lenses that ac 
cept and redirect light scattered at high angles 
becomes increasingly difficult. Focal sizes of tens 
of nanometers can be achieved (36), but atomie~ 
resolution lenses do not appear feasible, 

Inaging at nearstomic res- 
‘olution can be achieved without 
Jenses by conducting the rein- 
terference of the scattered light 
computationally, The numeri- 
cal determination of the image 
fiom the measured X-ray seat 
{ering pattern requires that the 
phase of the diffiacted light be 
termined in order to apply 
the correct phase shift to each 
rwinterfering spatial frequency. 
Because the detection of the 
scattering pattem only m 
sures the intensity of the scat- 
{ering radiation rather than the 
amplitude, no phase informa- 
tion can be directly measured. 
variety of methods have been 
developed for alleviating. the 
information deficit in erystal 
Jography, such as examining 
the wavelength dependence of 
the difffaction pattem near an 
atomic absorption edge or by 
knowing part of the structure 
‘ora similar structure. With co- 
hotent difftactive imaging, an 
ahemative route to reconstruet- 
ing the scattered x-rays into an 
image can be used, 

Sayre has noted that the 
continuous diffraction pattem 
ofa coherently illuminated unit 
cell contains twice the informa 
tion obtained fiom the di 
tion pattern of a crystalline 
arrangement of identical copies 
ofthat unit cell (2, 37), ade- 
quately sampled, this pattem 
provides the exact amount of 


Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern 
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse 
also photo-ionizes the sample. This leads to plasma formation and Coulomb explasion ofthe highly ionized particle, so only 
‘one diffraction patter [a single two-dimensional (2D) view] can be recorded from the particle. Many individual diffraction 
patterns are recorded from single particles ina et (traveling from top to bottom). The particles travel fast enough to clear the 
beam by the time the next pulse (and particle) arrives. The data must be read out from the detector just as quickly. (B) The full, 
30 diffraction data set is assembled from noisy diffraction pattern of identical particles in random and unknown orientations. 
Patterns are classified to group pattems of like orientation, averaged within the groups to increase signal to noise, oriented 
with respect to one another, and combined into a 3D reciprocal space. The image és then obtained by phase retrieval. 
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information needed to solve the 
phase problem and determinis- 
tically invert the x-ray scatter 
pattem intoan image of the scat- 
lcring object. The past several 
decades have seen substantial 
advances in the experimental 
and numerical techniques: re- 


Coherent difftaetive x-ray im: iments 


have primauily used iterative algorithms for im. 
age reconstruction, with resolutions approachin 
10 num having been achieved (4, 5) 


Radiation damage limits the highest resolu 


tion achievable with coherent diffractive imag 


ing, When using 8-keV x-ray photons 


low atomic number materials such as a bid 


molecule, for every scattered photon that con: 


on pattern there are abo 
be 


tributes to the dif 


This absorption de 


posits energy into the sample and leads to sam 


ple degradation, When exposed tok 


brightness synchtotrons, biological materials 


200 photons/A? 


can withstand doses of roughl 


with cryogenic cooling. For a noncrystalline 
protein surrounded by vitrwous ice, the number 
of scattered photons varies as 1/08 


of 200 photons/® 


An exposure 


tives statistically significant 


signal only for feature sizes larger than od» 10 ni, 


structures, which have angstrom seale feature 


Delivering the radiation dase to the sample 


before radiation-induced structural degradation 


provides a strategy 10 execed the exposure limit 


Baldwin (6 


set by the radiation cama 
tron fixilities, Solem 


Neutze et al. extended this cor 


XFEL pulses to image single nanos. 


ticles at near-atomic resolution ( 
imu 
interaction of a focused XFEL pulse o 
They simulated the influence ¢ 
ik 


molecular dynamics nto model the 


a single 
biomolecule 
s-ray phot 
Huminated particle charging 


Coulomb explosion 


the x-ray scattering pattem (Fi 
prdiet that x-ray lasers will allow flucnces 10° 


times larger for biological imaging than present 


ly achievable with synchrotron radia 


Coulomb explosion. This simulation indicates 


that the pulse will need to be tens of f in 


duration of shorter for the explosion to have a 


‘minimal influence on the x-ray scattering pat 


tem. For biological objects, the inereased x-ray 


dose should alle 


single-pulse imay 
I-nm resolution. Higher 


acquired with abo 
resolution images will be achievable 
ly scattering h 

rials. In 


simulations, hydrodynamic calculations have mod 


led the influence of an intense ultrafast s-ray pulse 


Despite the enormous increase in allowed 


uence, atomic-resolution imaging of sin 


ticles will require averaging of nultiple images 


(7, 4). This will need to be done serially, with a 


new, identical particle being delivered on ever 


X-ray shot. Ideally, the particle should be 
pbject in the beam path, requi 


seater 
o be in 


AK 


Fig. 3. (A) Diffraction patter recorded with a single FEL pulse from a test object placed in the 20-ym 


focus of the beam (6). (B) The diffraction pattern recorded with a second FEL pul 
shutter, showing diffraction from the hole in the sample 


selected with a fast 
reated by the first pulse, (C) Scanning electron 


microscope image of the test abject, which was fabricated by ion-beam milling a 20-nm-thick silicon 


nitride m The scale bar denotes 1 
diffraction pattern shown in (A) 


nbrane. 


By following strategies similar t used in 
single-particle cryoelectron microscopy (47), it 
Will be possible to classify data into groups of 


to-noise ratio by averaging. These classes must 
then be assembled into a three-dimensional 
coherent diffraction pattern (40), which will be 


phased (F Alternatively, the g 


J be aligned by a nonresonant laser 


(0 noise required for computational alignment 
The single-pulse diffractive image of a 
micrometer-sized 4 roconded at FLASH 


imaging technique (8) (Fig. 3). This demonstrates 


that ay interpretable coherent diffraction pattem 
be collected 


le FE 


destroy all mater 


in its path, including the detector, and it was 


pre 
could be recorded with 
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im, {D) The image reconstructed from the single-shot 


resulting from scattering from a beam stop, from 


the focusing optics, or from plasma radiation 


om the sumple. These effets were prevented by 


using a novel graded multilayer mirror that only 
reflects the elastically scattered light from the 


sample onto a charge-coupled device (CCD) 


detector located in the optical far field and 


hamnlessly passes the ston; 
through 
reconded the difliactio 


uunditfiacted beam 
The puilse that 


attern heated the sample 
about 60,000 K, which ablated and melted, 
Nevertheless, the image is recorded to the 62m 
diffraction limit of the detector aperture, showing 
no effects Compared with di 
nchrotrons, which is difficult 
because of the low coherent flux available and 


the nced to Ke coherent mode from an 


incoherent. source w with the FEL is 


spectral filtering of the illuminating pulse 


Future Prospects 


The importance of ultrafast x-ray scattering and 


imaging measurements extends beyond the par 
ticular phenomena and materials studied to date 
Excited state potential energy surfaces govem the 
evoluti <quilibrium systems and also the 
IE 2007 
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dynamics and kinetics of rare events in equilib- 
rium systems, such as thermal phase transitions 
and chemical reactions. The SPPS collaboration 
has demonstrated that f x-ray seattering can de 
lemine the topography of the excited state po- 
tential energy surface with unprecedented detail, 
Despite the suceess of the SPPS collaboration, 
the low flux of the source determined the scope 
Of the scientific program, At the LCLS, the in- 
tegrated x-ray production in 10 s of lasing will 
exceed the total x-ray photon production at the 
SPPS during its 3-year lifetime. 

‘The increased flux will make possible dif- 
fuse scattering measurements for a wide va- 
riety of materials. For the vast majority of ultrafast 
phenomena, the transformations in structure 
will be localized in space and occur on the ang- 
strom length scale, These changes in short range 
‘order will be manifest in the difuse seating. 
Femtosecond-resolution diffuse scattering mea- 
‘surements will be particularly important for studies 
‘of solution phase chemical dynamics (17) ant 
‘order-disorder phase transition studies (28). Leam- 
ing how 10 exploit the coherence of the ‘rIy 
pulses for studies of dynamics will also be an 
important aspect of the initial science programs 
‘aU XFEL files, With coherent imaging tech- 
niques, the absolute structure, not just the av 
erage structure, can be measured, This shoukl 
prove to be an important attribute forthe inves- 
ligation of firs-onder phase transitions, where 
deviations from the average structure, such as 
defects and imperfections, nucleate phase trans 
formations. Time-resolved FEL imaging with an 
Ultrafast optical pump will follow from practices 
developed at synchrotron slicing sources and the 
SPPS. Techniques for pumping samples. with 
FEL pulses and probing the resultant dynamics 
With time-delayed FEL pulses will require fare 
ther experimental development. One promising 
approach involves spliting the FEL pulse at or 
niear the simple with use of a section of an op- 
tical element destroyed by the FEL pubse, along 
\with the sample (43), Despite the many experi- 
mental and technical challenges that will exist 
at Scray-free electron laser sources, the n= 
precedented peak brightness of XFEL radiation 
should open the field of ultiafast x-ray science 
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to a range of applications and phenomena ap- 
proaching those studied with ubrafast lasers and 
s-ray synchrotron. 

‘The field of coherent x-ray difltactive imag- 
will benefit tremendously from the construc- 
tion of x-ray laser sources, The FLASH free 
electron laser has demonstrated the feasibility of 
“instantancous” imaging and provided a unique 
‘opportunity to prepare for the enormous peak 
‘brightness and power needed for atomic-resolution 
imaging. Major technical and experimental ad~ 
vanees have been achieved in the past 2 years, 
although many challenges remain. These ad- 
vances, in conjunction with the expected flux 
and time resolution of x-ray laser sources, will 
cenable x-ray imaging with unprecedented spa- 
tial resolution. With XFEL sources, the dream 
of atomic-resolution imaging may become 
reality 
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sorts of regions around the world. ‘ 
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Expansion of Industrial Logging 


in Central Africa 


Nadine T. Laporte,* Jared A. Stabach, Robert Grosch, Tiffany S. Lin, Scott J. Goetz 


Jentral Africa's dense humid forests have 
( long been regarded as among the mast 
pristine on Earth, but in recent decades 
industrial logging has become the most extensive 
form of land use in the region. Cunenily more 
than 600,000 km? (30%) of forest are under 
logging concessions, whereas just 12% is pro- 
tected, Logging-related disturbance in the region 
‘alters ecosystem composition and biodiversity (/), 
‘opens remote areas to poaching (2), and! modifies 
humerous functional attributes of the ecosystem 
(3), Laws and regulations are in place to improve 
est management a national and regional scales, 
but limited resources are available 10 enfore 
regulations or to provide technical support (4), 
Here, we report on the use of over 300 Landsat 
satelite images, covering 4 million km, to track 
the progression of logging roads for thnoe decades 
preceding 2003 (5). We document accelerating 
Fates of logging road construction in much of the 
region and show that monitoring with satellite 
remote sensing provides a practical approach 10 
imap changes associated with logging activities, 


We mipped $1,916 km of aging roads with- 
in the forested region (Fig. 1). This is a conserv- 
ative estimate, because not all areas hax! recent 
cloud-fiee satelite images (5) and logging roads 
are converted 10 public mads where population 
density is high. Logging roads accounted for 38% 
(ofthe length ofall roads, ranging from 13% in the 
Democratic Republic of Congo (DRC) to >64% in 
jabon and the Republic of Congo (ROC). The 
‘combined road density (public and logging) was 
0,07 km km and, considering logging roads only, 
0.03 km kmn’?, The highest logging road densities 
(0.09 km km) were in Cameroon and Equatorial 
Guinca (EG), where most ofthe forest was cut at 
feast once. Logging in these two countris and in 
bon has extended inland in went decades aller 
carlicr harvesting of coastal forest 

‘The most rapidly changing area was in north- 
‘em ROC, where the rate of road construction in 
‘crewed fiom 156 kn yaw fbr the pend 1976-1990, 
to over 660) km year" afler 2000. Evidence for a 
now fivotierof egging expansion was documented 
in the DRC, which curently contains 63% of 


Fig. 1. Logging concessions and road distribution in Central Africa: Cameroon (labeled on the map 25), 
Central African Republic 2), Equatorial Guinea (3), Gabon (4), Republic of Congo (5), and Democratic Republic 
‘of Congo (6). A more detailed graphic of logging roads for a portion of the region is provided in fig. $1. 
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tbe total remaining forest of the region and fas the 
Iowest measured logging rood density (0.01. km 
fan) of all Central African nations. Rates of 
Jogging road constuction increased within DRC, 
particularly in a50,000-Kmn? region of north-central 
DRC, where the rate of mad development pro- 
speed fom 336 km year" (1986-1990) 0.456 km 
year (2000-2002), We expect industrial logging 
foncessions to expand, with commensurate in- 
creases in the rates of logging and road building 
associated with foreign investment (6). 

With the exeeption of the Okoumé forests of 
Gabon (7), most ofthe industrial logging is sek: 
tive and focused on high-value tree species for 
export (for example, African mahoganies), We esti- 
mata 3% (89.715 kn?) ofthe tka forested ea as 
sturbyed and! 29% (567,782 km") as more likely to 


have increased wildlife hunting pressure because of 


ceasior access and local market opportunities offered 


by now logging towns (3), The greatest amount of 


forest disturbance (15%) occured in Cameroon 
‘and EG, compared with ust 1% within the DRC, in 
addition, we used finer resolution (4-m) satellite 
imagery to document disturbance created by lo 
ging skid trails and toe felling. These locally dis- 
tured areas had canopy gaps tht were five to six 
times larger than these in adjacent unlogged Fors 
‘Gaps created by tree fall ranged from 200 t0 600 m? 
in size and, together with skid trails, accounted for 
M6 of the area in which logging occured. 

‘To date, few reliable data sets have been avail 
able to monitor the changes taking place in remot 
sarcas of the Congo Basin, but regular monitoring 
‘with satellite remote sensing provides a consistent 
approach to monitor both legal and ileyal lowing 
szctivites. In the context of the rapid frontier &x- 
pansion, the conservation of forested landscapes 
‘nx! sustainable timber production is crucial for 
(Central Affican nations and their inhabitants, 
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Evolution and Development of 
Inflorescence Architectures 


Przemystaw Prusinkiewicz,* Yvette Erasmus,2* Brendan Lane,” 


Lawrence D, Harder,? Enrico Coen?+ 


To understand the constraints on biological diversity, we analyzed how selection and development 
interact to control the evolution of inflorescences, the branching structures that bear flowers. We 
show that a single developmental model accounts for the restricted range of inflorescence types 
observed in nature and that this model is supported by molecular genetic studies. The model 
predicts associations between inflorescence architecture, climate, and life history, which we 


validated empirically. Paths, or evolutionary wormholes, 


\k different architectures in a 


multidimensional fitness space, but the rate of evolution along these paths is constrained by 
genetic and environmental factors, which explains why some evolutionary transitions are rare 


between closely related plant taxa. 


rganisms display great diversity in shape 
Jand architecture, but the range of ob- 
served forms represents only a small 
fraction of what is theoretically possible (1, 2) 
For example, when patierns of shell colin 
considered within a mathematically defined 
space of possible forms (imorphospace), the ob- 
served forms are restricted to only a sub 
Cf this space (3). One explanation for such re- 
strictions is selection (), However, itis likely 
that clevelopmental and genetic 
play a role. For example, the absence of ver 
tebrates with more than four limbs is thought to 
rollect an interplay between both developmental 
and seketive constrains (5, 6). Developmental 
nechanisms restrict the range of genetic and 
phenotypic variation available for selection, 
‘Whereas selection influences the evolution of 
developmental processes. Such two-way inter 
actions can be unraveled using morphospaces 
based on developmental genetic: mechanisms. 
We take this approach for the evolution of in- 
florescences, which has a history of both theo- 
renetic analysis 
ygement of flowers on a plant reflects 
ive pattern of developmental decisions at 
the growing tips, or meristems, Each iteration 
‘occurs over a time interval known as a plasto- 
chron (7), during, which meristem may either 
switch 10 floral identity or continue to produce 
further meristems and, hence. branches. As the 
umber of iterations rises, the number of the 
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contically possible structures increases. rapidly 
(8). However, only a small subset of these struc- 
tures corresponds to inflorescences observed 
nature (Fig. 1). They are grouped into thre broad 
ectural types: (i) panicles, which com- 
prise a branching series of axes that tn 
flowers: (ii) racemes, which comprise 
bearing flowers in lateral pos 
axes that mviterate this pattern; 
Which comprise axes that termina 
‘and lateral aes that reiterate this pattern (9-11) 


inflorescence type varies according to the 
arrangement of lateral meristems around. the 
stem (phyllotaxy), the patlem of intemode 
Jengths, and additional variations on the three 
architectural themes. Although panicles, race 
mes, and cymes are all found among flowering 
plants, a restricted range of types is evident at 
ocal taxonomic levels: Genera seKdom include 
species with both racemes and cymes. 


1. Hypothetical and observed inflorescence structures. Arrows, meriste 


These observations raise two related questions 
First, what determines the extent of morphospace 
‘occupied by inflorescences in nature: Why do we 
find these three main architectural types and not 
more or fewer? Second, what constrains evolution 
within the occupied morphospace, imposing a 
Jocal hamier between racemes and cymes’ 

A unifying inflorescence model. Previously, 
distinct developmental models have been postu 
lated for differ es (12. 13), 
Ieading to a fractured view of phenotypic space. 
From an evolutionary perspective, however, in- 
Alorescence types should be related to each other 
through genetic changes, A developmental moxl- 
that encompasses different architectural types 
ce is thus needed 
To construct i, we considered meristems giving 
rise to shoots oF Mowers as Wo extremes of a 
continuum. The variable that characterizes this 
continuum is called yegetativencss (ie), with 
high levels of vex corresponding 1 shoot meri= 
stem identity and low levels to flower meristem 


factors such as plant age, meristem position, in- 
temal state of a meristem, and th 
(4-17), For simpli 
veg as plant age f, measured from the 
nflorescence development, andior 


I veg is high and does not change with time 
lelemninate vexetative branching structure 
plant to produce 
flowers, veg must decline in some or all meri- 
stems during growth. The simplest assumption 
is that veg decreases in all meristems equally 
The resulting architecture isa panicle of Mowers 
Which form at time 7 when low levels of ves 
are reached (Fig, 2B). 

To generate funher architectural types, we 
assume that meristems can be in one of two 
internal states, A and B, such that meriste 
these states attain low levels of veg at different 


is generated (Fig. 2A). Fort 


cles, flowers, (A 


to © Inflorescence structures not observed in nature. (D to F) Three main classes of inflorescence 
architectures: panicle (D), raceme (E), and cyme (F), (G tol) Species illustrating inflorescence types: 
(G) fruiting panicle of Sorbus aucuparia, (H) flowering raceme of Antirrhinum majus, () flowering 


cyme of Myosotis arvensis. 


www. 


times, Ta and Ta. Suppose that the apical 
meristem of the main axis i in state A, whereas 
all lateral meristems are in state B. If Ta < Ta. 
lateral meristems will atain floral identity more 
‘quickly than does the apical meristem, yielding a 
raceme in the upper part of the plant (red path in 
Fig 2C). However, lateral apices in the lower 
part of the inflorescence will also rapidly pro- 


result is inconsistent with the structure of lateral 
‘branches of compound racemes, which typically 
do not terminate in Nowers (Fig. 1E). 

‘To resolve this discrepancy. we postulate that 
State B is transient. All lateral meristems are 
formed in state B, but they have two possible 
fates afterwards. If vey is sufficiently low, the 
‘meristem becomes a flower (red path, Fig. 2D), 


Othenvise, the meristem revens to state A and 
produces a branch (orange path, Fis. 2D). The 


{gress toward floral identity, producing a graded 
series of panicles (orange path in Fig. 2C), This 


A B c 


Fig. 2. Architectures and time course of veg decline for various inflorescence models. Small filled 
circles, meristems; white circles, flowers. Colors highlight paths of representative meristems: main 
meristem, blue; lowest lateral meristem, orange: third lateral meristem from bottom, red. Plots 
show the time course of veg decline in selected meristems after their initiation. (A) Level of veg 
does not change with time; an indeterminate vegetative branching structure results. (B) Veg 
declines at a similar rate in all meristems and yields flowers upon reaching threshold Vy at time T; 
4 panicle results. (C) Veg in apical meristems (state A) reaches threshold Vg at time Ta > Tp for 
lateral meristems (state B). The resulting structure is a compound raceme, with lower branches 
terminating in flowers. (D) Transient model in which lateral meristems are initially in state B but 
fevert to state A if veg does not reach the threshold Ve: a raceme with indeterminate branches is 
produced for Ts < Tq. (E) Transient modet in which Ty > Ta yields a cyme. 


Fig. 3. Morphospace for the transient model. Different phenotypes are generated by varying the 
times Ta and Ty at which flowers begin to form. Values along each axis range from 0 to 10 
plastochrons. Black arrows, pointing away from the wild-type architecture of Arabidopsis, indicate 
the effect of i711 and ify mutations [under inductive conditions (20)]. Inflorescences are shown at 
six plastochrons. 
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rationale for this reversion is that a newly created 
meristem (state B) changes its identity once it 
becomes the terminal meristem of the next-order 
branch (state A), Biologically, state B represents 
the stage when a meristem is newly formed (im 
mature), whereas state A represents a more ad- 
‘vanced stage of meristem development (mature). 
We call the resulting model the transient mode! 

‘A key feature of the transient model is that it 
can generate cymes as well as racemes and 
pranicles thus accounting for these inflorescence 
types within a single framework. In eymes, 
lateral meristems repetitively create m 

jwo different states terminal meristem giving 
rise toa flower, and a lateral meristem giving rise 
toa branch (Fig. 1F). This ean be captured with 
the transient model by setting 7, < Ti. Immature 
{ateral meristems then take longer to attain floral 
‘entity than do mature meristems, erating the 
reverse of the situation for racemes (Fig. 2E) 

The region of morphospace generated by the 
transient model is illustrated in Fig, 3. The 
diagonal (Tq, ~ Ty) corresponds 10 panicles, 
flanked by racemes on ane side (Ty > Ti) a 
ceymes on the other (7 < Ty). This planar region 
represents only a slice ofthe entire momphospace. 
For example, the hypothetical forms shown in 
Fig. 1, Ato C, do not lc in this region and could 
only be generated with more complex. mecht- 
nisms, The transient mechanism may therefore 
account for the restriction of observed inflores- 
cence types 10 a small region of momphospace. 
Potentially adaptive architectures may not be at 
tained in nature because they cannot be produ 
bby developmental processes cxptuted by the tra 
sient mechanissn, 

Integration of models with developmental 
and molecular genetics. To assess the plausiil 
of the transient model, we related it to underlying 
tkenetic mechanisms, We focused on two archi- 
fectural genes fiom Arabidopsis, TERMINAL 
FLOWER I (TFLI) and LEAFY (LEY) (18-23) 
as they proxiuce phenotypes that disphice the 
‘wild-type plant in orthogonal directions in. mor- 
phospace (Fig. 3). Compared to wildtype Arie 
hidopsis, which produces branched racemes, 
mutants lacking TFLI activity produce in- 
florescences with short aves that terminate in 
flowers, whereas mutants lacking LFY produce 
highly branched inflorescences bearing shootlike 
flowers 

We incorporated genes into the transient 
mode! by postulating that TFL/ increases vest 
and LFY reduces vex in meristems (Fig. 44), The 
wikltype Arubidopsis architecture results from 
high TFLI and low LFY activity in state A 
meristems (yielding high wg) and high LFY 
and low TFL/ activity in state B meristems (yield- 
nis 
produced by assuming that: (i) LEY and TFLI 
inhibit cach other (18, 20, 22), (i) TFLI ex- 
pression is inhibited in state B, (ii) LFY is less 
sensitive to TFL inhibition in state B [this 
hhances LFY in B meristems and allows LFY 
attain high activity even in plants overexpressing 


ing low vex). This pattem of gene expr: 
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TFLI (24), and (iv) the levels of TFL and LFY 
increase with plant age (27, 25). The shootlike 
flowers observed in /f mutants (20) and plants 
overexpressing TFL (22, 24) are captured by 
assuming that they correspond to intermediate 
veg levels, lying between the levels for noma 
shoots and flowers 

With these assumptions, the transient model 
largely accounts for mutant and overexpression 
phenotypes of Arabidopsis (Fig. 4, B w I, and 


Fig. 4. Incorporating LFY and 
TALL genes into the tra 
model for Arabidopsis. (A) Inter 
actions between genes, time, 
veg, and growth underlying the 
model. Growth increases the 
number of modules and hence 
influences the spatial pattern of 
‘gene expression, Gene activity 
affects veg and hence influences 
‘whether a meristem will contin- 
te to generate more modules or 
‘whether it wil cease growing, 
rowheads indicate up-regulation: 


bars, down-regulation. Growth promotes production of meristems in state A or 
B, with state B reverting to A unless the floral threshold is reached. (B to H) 
‘Wild-type, mutant, and transgenic phenotypes generated by the model with the 


Fig. 5. (A to E) Two-dimen- 
sional fitness landscapes, Fitness 
levels are indicated by height 
‘and color. For each genotype, 
fitness i calculated over seasons 
with an average duration Ty and 
standard deviation o, assuming 
that fraction 0 of mature plants 
survives from one season to the 
next. Plants illustrate the ar- 
chitecture generated at time 
Tq. (A) For annuals with fixed 
‘growth duration, the optimal 
inflorescence is a panicle, rep- 
resented by a single adaptive 
peak. (B) Mf Ty is reduced, the 
‘optimal. architecture is a less 
highly branched panicle. (C) 
‘When o is increased, two peaks 
arise corresponding to com- 
pound racemes and cymes. (D) 
‘With a further increase ino, the 
peaks diverge. Optimal architec- 
tures are simple racemes and 
‘cymes. (E) Increased longevity 0 
shifts the peaks toward panicles. 
(F and G) Regions of high fit- 
ness in 3D fitness spaces. Hor- 
izontal sections correspond to 
the high-fitness reoions in 2D 
fitness landscapes. (F) Path 
capturing the relation between 
architecture and . Colored 
sections correspond to figures 
(© (top) and (D) (bottom). (G) 
Wormhole capturing the rela~ 


SOM text) and for observed pattems of gene 
expression. According to the model, a lateral 
meristem that gives rise to a branch is initially in 
state B, which comesponds to relatively low 
LEY. This pattem reverses when 
the meristem switches back to state A. These 
features agsoe with experimental data: TFL ex- 
pression is low in newly formed lateral primordia 
and only inereases later (22), Furthermore, LFY 
primordia that will give rise 


TeSee1s 


1 


to lateral branches but is absent from mature 
lateral shoot meristems (25, 26). The transient 
model thus provides a functional explanation for 
observed expression pattems 

Evolutionary origins and implications of the 
transient mechanism. Both the ringe of archi- 
tectural types observed in flowering plants and 
molecular genetic data fend support to the tran= 
sient mechanism, but the evolutionary origin of 
this mechanism is unclear. To elucidate it, we 


H oss mr 
wr 


interactions shown in (A), assuming inductive conditions (20), Circles indicate 
flowers, color-coded according to vey levels. White, normal flower; yellowgreen, 
shootlike flower). Arrows indicate branches, (For detailed explanation, see SOM.) 


T=50=10 


tion between architectures and longevity 0. Colored sections correspond to figures (D) (bottom) and (E) (top). 
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considered the fitness of different architectures 
in the region of momphospace generated by the 
transient model (SOM text). 

‘With unlimited pollination and a growing sea- 
son of fixed length, the optimal inflorescence 
“architecture isa panicle. This is because the plant 
‘can delay flowering by keeping its meristems in a 
Vegetative state until the latest time needed for 
fiuit production, thus maximizing branching and 
the number of fruits (Fig. 5, and B). However, 
if the length of the growth seasons varies from 
Year to year, a plant that delays flowering too 
long may fail to produce any fruits by the end of 
short season, This would reduce fitness, particu- 
larly if annual seed production is essential for 
‘genotype survival. The best stratcey may thus 
be for a plant to “hedge its bets” (27-32) and 
‘generate flowers sequentially during a season, 
30 that some Howers are produced early if the 
season is short but more flowers can still be 
proxluced later ifthe season is Fong. Racemes and 
‘cymes, in. which only a fiction of meristems 
switeh to floral identity at any time, may then 
have higher fitness values than panics. This is 
illustrated in Fig, 5, C and D, in which racemes 
and cymes form separate adaptive peaks in the 
fitness landscape for annual plants, with the po- 
ons of the peaks depending on the standart 
deviation of growth duration, 

To the extent that the impact of variable 
season length increases from tropical to more 
temperate conditions, our model predicts higher 
frequencies of racemes and eymies in temperate 
‘compared with topical climates, and the opposite 
trend for panicles. To test these predictions, we 
extracted the ineidence of each architectural type 
n different climatic zones from the Watson and 
Dallwite database of angiosperm families (33) 
(lig. SIA), Although this database is not ideal for 
‘our purposes, as it aggregates characters for all 
species in the same family, it reveals significant 
trends. Consistent with our predictions, eymes 
are relatively more frequent in more temperate 
conditions (P< 0.01), whereas panicles show the 
opposite trend (P< 0.001), Racemes are also 
more fiequent in temperate than tropical con 
ditions, but not significantly (P > 0.2), 

In addition © the environmental influences, 
positions of peaks in the theoretical fitness 
Jandscapes depend on factors under genetic 
control, such as plant longevity. If a plant is 
perennial (ic. lives more than 1 year), the new- 
ative impact of short seasons in an uncertain 
environment is reduced by spreading the risk 
‘over multiple years (Fig. SE) We found no 
significant associations of raceme or panicle 
architectures. with longevity, but cymes are 
significantly less common int families with only 
‘woody perennials and more common in famiies 
\with annuals, as prected (Lig. SIB) (P < 0.05), 
Furthermore, this tend is observed in temperate 
but not tropical families. Akhough we have fo- 
cused on the effets of envionmental uncertainty, 
similar theoretical fitness landscapes involving 
interactions between internal and extemal factors 
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‘could also be gencrated by considering the effects 
(of limitations on pollination rate. 

Although these results provide a rationale for 
sequential pattems of Hower production, they do 
not explain why the transient mechanism evolved 
rather than other developmental mechanisms. 
‘One possibility is that the transient mechanism 
arose more readily because it built on the pre 
existing developmental process of meristem estab- 
lishment. Establishing anew lateral meristem 
requires a period of time during which genes 
needed for meristem maintenance become acti- 
vated (4), The transient mechanism could have 
arisen by coupling ves Ievels to this basic tran- 
sition of meristems from a newly initiated (im- 
mature) to an established (mature) state, Thus, 
the evolution of the transient mechanism may 
reflect an cartier developmental genetic con- 
straint that biased the variants available for se- 
lection toward this mechanism (6). 

Evolution between racemes and cymes. In 
‘uncertain oF pollinator-limited environments, 
racemes and cymes can represent equivalent 
adaptive solutions separated by a valley in the 
fitness landscape (Fig. 5, C 10 E). Such low- 
fitness valleys may have been circumvented in 
Various ways during evolution, One is through 
changes in the environment. Figure SF shows 
fitness landscapes that have been calculated for 
iflerent degrees of environmental uncertainty 
and combined to form a three-dimensional (3D) 
fitness space, with the vertical axis representing 
the standard deviation in growth duration. An 
inverted U-shaped high-fitness region connects 
racemes, panicles, and eymes. Connecting paths 
may also occur through variation in genetically 
controlled factors. For example, a path emerges 
when plant longevity is varied along the vertical 
axis (Fig. SG). Connecting paths of this type are 
‘common features of higher dimensional geno- 
typie spaces (35, 36) We propose the general 
tem “evolutionary wormhole” for such high- 

imensional connections. 

Movement along evolutionary wormboles 
that connect racemes and cymes appears limited, 
as individual genera seldom include both archi- 
tectures. This constraint may arise because 
moving along wormbokes requires coondinated 
changes of several parameters, involving mul- 
tiple genetic steps. Lange jumps between regions 
‘of high fitness are thus unlikely; moreover, gene 
segregation would generate low-fitness pheno- 
types. In addition, mutations required 1 move 
along some stretches of a wormbole, such as 
crossing between racemes and cymes, involve 
changes in regulatory interactions rather than 
simple Joss or reduction of function. For ex- 
ample, creating a cyme in Arabidopsis: would 
require changing the LFY and TFL! promoters 
for other genes that interact with LFY, TFLI or 
veg, such that veg becomes high in state B and 
low in state A (the reverse of wild type). Such 
mutations are ikely to be rare. Thus. evolution of 
inflorescences is constrained by the nature of 
the developmental genetic mechanism, as well 
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as by the interaction between organism and 
environment. 

Conclusion. The diversity of inflorescence 
architectures reflects an interplay between de- 
elopment and selection at several levels, We 
propose that a relatively simple developmental 
‘mechanism —the transient model-—underfies the 
restriction of inflorescence types 10 a small re= 
gion of momphospace. This mechanism offers a 
selective advantage in dealing with environ- 
‘mental limitations and uncertainty over a simpler 
mechanism that can generate only panicles. Al- 
though similar advantages might also be achieved 
through other developmental mechanisms, the 
transient mechanism may have evolved because 
it co-opted a previously avaiable developmental 


transition from the immature to mature state of 


apices. Within the confines of the morphospac 
spanned by the transient model, inflorescence 
architectures cannot evolve ively but are re- 
stricted to following paths of high fitness. or 


evolutionary wormholes, The combination of 


theoretical and experimental approaches: de- 
scribed here shows how development and se- 
Iection can interact during evolution to carve out 
biological forms from the vast space of theoret- 
‘cal possibilities 
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Marine Radiocarbon Evidence 
for the Mechanism of Deglacial 
Atmospheric CO, Rise 


‘Thomas M. Marchitto,”*t Scott J. Lehman,** Joseph D. Ortiz,” 


Jacqueline Fliickiger, } Alexander van Geen* 


‘We reconstructed the radiocarbon activity of intermediate waters in the eastern North Pacific over 
the past 38,000 years. Radiocarbon activity paralleled that of the atmosphere, except during 
deglaciation, when intermediate-water values fell by more than 300 per mil. Such a large decrease 
requires a deglacial injection of very old waters from a deep-acean carbon reservoir that was 
previously well isolated from the atmosphere. The timing of intermediate-water radiocarbon 
depletion closely matches that of atmospheric carbon dioxide rise and effectively traces the 
redistribution of carbon from the deep ocean to the atmosphere during deglaciation. 


diocarbon measurements of calendri- 
R ly. dated heematypic corals ¢/) and 

planktonic foraminifera (2, 3) indicate 
that the radiocarbon activity (MMC) of the at- 
mosphere during the later part ofthe last glacial 
period [20,000 to 40,000 years before the pre= 
sent (yr B.P)} ranged from ~300 to 800 per mil 
(Ce) higher than it was during the prenuctear 
modem era (Fig. IC). Although reconstructions 
‘of Eanh’s gcomaynetic-fiekd intensity: predict 
higher cosmogenic #C production rates during 
the glacial period, production was apparently not 
high enough to explain the observed atmospheric 
‘enrichment(2-), Rather, a substantial fraction of 
the atmosphere’s AMC buildup must have been 
due to decreased uptake of MC by the deep 
‘ocean, This requires a concomitant "*C depletion 
in a deep-ocean dissolved inorganic C reservoir 
that was relatively well isolated from the 
atmosphere, Renewed ventilation of this es 
fervoir coukl theoretically explain the drop in 
atmospheric AMC (Fig. 1C) and the rise in at- 
mospheric CO, (6) across the last deglaciation, 
Most workers point to the Southern Ocean as a 
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locus of deglacial COs release. based on the sim- 
ilarty between atmospheric CO; and Antarctic 
temperature records (6) an on numerous concep- 
‘wal and numerical models (7-9). If comect, we 
would expect some signature ofthe low-"C deep 
‘ocean C reservoir to be spread to other basins via 
Antarctic Intermediate Water (AAIW). Here, we 
reporta strong radiocarbon signal ofthe dewlacial 
release of old C, recorded in an intermediate- 
depth sediment core from the northem edge of 
the easter tropical North Pacific. 
Intermediate water AMC reconstruction. 
Marine sediment multi-core gravity-core piston 
one tripket from sediment layer MV99-MC19) 
GC3UPCOS was raised from a water depth of 
70S m on the open margin off the westem coast 
‘of southem Baja Califomia (23.5°N, 111.6°W) 
(Z0), The site is today situated within the regional 
O» minimum zone that exists because of a 
‘combination of high export production and poor 
intermedinte-water ventilation. Various sediment 
‘properties in MC19;GC31/PCOS vary in concen 
With the so-called Dansgaard-Oeschger (D-O) 
eycks that characterized the Norther Hemi- 
sphere climate during the last glacial period (17). 
Originally discovered in Greenland ice core 
D-Ocyclesalso exist ina number of lower-latinude 
locations that were probably teleconnected to the 
North Atlantic region through the atmosphere 
(2. 12, 13), Offthe coast of Baja California, the 
sedimentary concentrations of onzanic C, Cd, Mo, 
and benthic foraminifera all decreased sharply 
during D-O stadials (cold periods in Greenland) 
(U1, 14), Together, these proxies are consistent 
With reduced productivity during stadials, caused 


by cither decreased coastal upwelling or a 
sdccpening of the regional nutricline related 10 the 
mean state of the ropical Pacific (2), 

Diffuse spectral reflectance (DSR) provides a 
Jem resolution stratigraphy for GC3/PCOS. 
Afier R-mode factor analysis, the thin! factor of 
DSR (Fig. 1A) exhibits the strongest correlation 
to the productivity proxies and to Greenland cli- 
imate (J), We used this DSR record to apply a 
calendar-age model to MC19/GC31/PCOS, based 
‘on correlation to 8!*O (an air-temperature proxy) 
in Greenland ive core (Greenland tee 
Sheet Project 2) (/5), Resulting calendar ages 
‘were then combined with SO benthic foraminif- 
«zal radiocarbon ages {19 of which were pub- 
lished previously (/0)] 10 calculate age-corrected 
intermediate-water AMC (/6). To evaluate the 
partitioning of C between the atmosphere and 
the ocean, we compared intermediate-water AC 
to that of the atmosphere (Fig. 1C), as recon 
sinvcted from tree rings (7), U-Th- dated corals 
(2. 17),and planktonic foraminifera from Cariaco 
Basin off Veneaucla (3). Calendar ages. for 
ariaco Basin were originally based on the cor 
relation of lithologic climate proxies 10 the 
GASP2 80 revond (2), which has been layer- 
counted with visual and chemical techniques 
(5). However, Hughen ef al. (3) recently 
demonstrated that the Cariaco Basin “C calibra 
tion yields much better agreement. with 
results older than ~22.000 yr B.P. when 
altemate age mode! is used, based on correlation 
to the U-Th-dated Hulu Cave speleothem 5'%O. 
record from eastem China (/3). Because DSR in 
GC3/PCOS is more similar to the Greentand 
isotope record than to the lower-resolution Hula 
Cave record, we continued 10 use the GISP2 
correlation but applied simple provisional age 
adjustments to GISP2 older than 23,400 yr B.P, 
using four tie points to Hulu Cave (Fig. 1B and 
fig. SI). We do not suggest that this age model is 
© original one (5), but 
is¢ is necessiry for comparing our data 
to the most recent (and most consistent) atmo- 
spheric AMC reconstructions (/, 3, 17), The 
resulting age model for MCI9/GC31/PCOS, 
based on 21 tie points yields a very constant 
sedimentation rate (fig. $2) and gives us 
confidence that our calendar-age assignments 
for NC samples between tie points are refable 
to within a few hundred years (table SU). 

Baja California intermediate-water radiocar 
bon activities are plotied in red in Fig. IC. The 
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modem activity, based on a local seawater mea- 
surement of -131%e at 443 mand the nearest 
Geochemical Ocean Section Study profile (18), 
is stimated to be 17M, in good agreement 
With the core top value, Comparable offsets 
from the contemporaneous atmosphere were 
maintained throughout the Holocene (typically 
~1000% between 0 and 10,000 yr B.P) and 
during the latter part of the glacial period 
(roughly 200P%e between 20,000 and 30,000 yr 
B.P) (19). Radiocarbon activities before 30,000 
YF BLP, show inereased scatter that may be 
related to the greater influence of slight con- 
taminations on older samples. 

Overall, it is clear that intermediate waters 
mainly followed atmospheric AMC over the past 
40,000 yr, except during the last deglaciation 
Activities dropped shaxply just afler 18,000 yr 
BAP, reaching minimum \alues of ~-180%w 
between 15,700 and 14,600 yr BLP, roughly 
45(P%e Lower than that of the Contemporancous 
atmosphere. For comparison, the lowest AMC 
Valles found in the modem ocean (in the North 
Pacific near 2-km water dept) are depleted by 
~240M%o, relative to the preindustrial atmosphere 
(UN). A second. comparably large depletion 
event began sometime between 13,500 ant 
12,900 yr BLP. and ended between, 12,100 and 
11,600 yr BP. The magnitude of “C depletion 


Fig. 1. Intermediate-water and atmo- 
spheric AC records, (A) Diffuse spectral 
reflectance factor 3 from Baja California 
composite sediment core MV99-GC3U/ 
PCOB, plotted versus depth (top axis) 
(12). Gray lines show tie points to the 
Greenland record that were used to derive 
the calendar-age model. (B) 80 of 
Greenland ice core GISP2 (15) on a 
provisional revised time scale (black, 
bottom axis). The new time scale deviates 
from the original time scale (green) for 
‘calendar ages older than 23,400 yr B.P. 
(vertical tine labeled G). The new time 
scale is based on linear interpolation 
between point G and three tie points 
‘whose ages are derived from U-Th-dated 
Hulu Cave (vertical tines labeled H) (13). 
(©) Atmospheric radiocarbon activities 
based on tree rings, planktonic foramini- 
fera from Cariaco Basin varve-counted 
sediments, and U-Th-dated corals (dark 
‘green) (27); additional recent coral mea- 
surements (light blue) (2); and planktonic 
foraminifera from Cariaco Basin, based on 
an age model derived from the correlation 
‘of sediment reflectance to Hulu Cave 
(dark blue) (3), Red circles show 
intermediate-water activities from benthic 
foraminifera in MC19/GC3U/PCO8. The 
yellow circle is an estimate for modern 
bottom waters at this site. Error bars are 
based on compounded uncertainties in 
radiocarbon ages and calendar ages. 
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we reconstructed during these two deglacial 
events is much too great to attribute to changes 
in dynamics of the North Pacific themocline 
(20) and must instead recon! a large change in 
the initial “C activity of waters advected to the 
site. Such depleted waters could have ban 
sourced only from the deepest, most isolated 
regions of the glacial ocean (27), 

Link to atmospheric history. In Fig 2, we 
‘compare the timing of reconstructed intermedia 
water and atmospheric AMC changes with the 
deglacial recon! of atmospheric COs from the 
East Antarctic Dome C ice core (6), The latter is 
shown on a GISP2 layer-counted time scale 
based on a simple synchronization of CHy 
variations between the Dome C and GISP2 ice 
cores (supporting online material text and table 
$2). It is immediately apparent that the atmo- 
spheric ANC decline and COs rise ocourred in 
parallel, with a synchronous, intervening plateau 
appearing in both records. There isa slight (and 
slill unreconciled) difference inthe timing of the 
start of the deglacial atmospheric AMC decline 
‘between the Cariaco Basin (3) and IntCal4 (17) 
reconstructions, but we take the deglacial onset 
‘ofthe atmospheric COs rise and the atmospheric 
MC decline to be essentially synchronous, We 
now also find that these changes were associated 
with a prominent decline in AMC of intermediate 


RESEARCH ARTICLES M 


water in the eastem North Pacific that must 
record the redistribution of aged C from the 
deep ocean to the surfice. Afler 14,600 yr BLP., 
imiermediate-waler activities rebounded to higher 
values, coincident with the plateau in both the 
atmospheric CO, rise and the atmospheric ANC 
drop. The leveling of the atmospheric records 
and the increase in “C activity of intermediate 
‘waters ane all in ‘ofa reduction in the flux 
of aged C to the upper ocean and atmosphere 
fiom below. After ~12,800 yr BLP, the atmo- 
rise and AMC drop resumed, and 
water activities again reached min- 
imum values of ~-180%, indicating a resump- 
tion of € redistribution from the deep oeean to 
the surface, By 11,500 yr BP, the large dewtacial 
atmospheric shifis were mostly completed, and 
intermatiate-water activites finally reached mod- 
mn values. 

‘As pointed out by Monnin et al (6), the 
deglacial rise of atmospheric COs closely fol 
lowed the rise in Fast Antaretic temperatures 
(ig, 3A), implying thatthe ocean’s release of C 
tothe atmosphere was associated with changes in 
the Southem Ocean, Deep convection of the 
Southem Ocean both ventilates much of the 
ocean interior and returns to the atmosphere 
much of the C extracted by photosynth 
sunlit surface of the wlobal ocean, During the 


GCIVPCOB composite depth (m) 
° 2 4 6 8 10 2 4 
24a 
07 Baja 
Califorma 
2 


& 8 


& 


8"°0 of ice (per mil) 


800 
600 
400 
200 
° Intai0$ from trees. varves. and 
° Fairbanks et al. (2005) 
Cariaco Basin on Hulu timescale 
200 Baja California benthic foraminifera 
° 10000 20000 30000 40000 50000 
calendar age BP 


SCIENCE VOL 316 8 JUNE 2007 


1457 


| RESEARCH ARTICLES 


slacial period, density stratification of the South- 
em Ocean surface andor extensive sea-ice 
coverage are suggested 10 have isolated deep 
\Waters fiom the atmosphere (7-9), permitting the 
buildup of a langer deep-ocvan C reservoir and a 
consequent drawdown of atmospheric COs. 
Sediment pore water chlorinly and 870 mce- 
sere conned with beac rma 
A : 


Such high salinities point to brine 
formation beneath sea ice as an important moxke of 
formation, At deglaciation, a progressive renewal 
‘of deep convection oF upwelling in association 
with documented sea-ice retreat (23) [and possibly 
with poleward-shifting westerlcs ($)] would have 
provided for the simultaneous delivery of ocean 
Theat and sequestered C to the atmoxphere. This 
transition occured in two major steps, beginning 
With relatively early (18,000 years ago) and 
‘gridusl increases in temperature and COs that 
‘were temporarily interrupted by the Antarctic Cold 
Reversil (ACR), Major transients in our record of | 
‘AMC in frtcrmediato-depth waters of tho easter 
North Pacific conform to this Antarctic schedule, 
consistent with the redistribution of C from the 
abyss 10 the upper ocean and atmasphere in 
‘connection with changes in deep convection of 
the Southern Ocean, 

8'C provides a tracer that is complementary 
to AMC, though with a fir smaller dynamic 
range in seawater. During the last glacial period, 
the deep Southern Ocean contained the ocean's 
lowest 8C values, suggesting a local accumu 
lation of remineralized C andor poor ventilation 
(24), Spero and Lea (25) argued that during the 
early part of the last deghiciation, Southem 
‘Ocean sea-ice retreat (23), combined with ine 
creased deep convection and northward Ekman 
transport, imparted transient low "°C values to 
AAIW and Subantaretic Mode Waters and that 
this signal was recorded: by deep-dwelling 
planktonic foraminifera in various ocean basins, 
including the castem tropical North Pacific. 
These waters should also have carried a low 
AMC signature, and we suggest that this is the 
signal we observe off the coast of Baja Cal 
ifornia. Today, AAIW is barely traceable as a 
dlistinet water mass north of the equator in the 
eastern tropical Pacific (26). We angue that the 
northward penetration of AAIW during do- 
‘glaciation wats greater than it is today (27) anxd 
was at times fed by extremely “C-depleted 
waters sourced from the abyss by deep over 
tuming in the Southem Ocean. Seacice retreat 
‘could have allowed the upwelled deep waters to 
izain buoyancy fom precipitation, converting 
‘some fraction of these waters into AAIW with- 
‘out substantial mixing with warmer thermocline 
waters (28). which would otherwise dampen the 
signal, There is evidence that vertical 
stratification of the North Pacific also varied on 
fan Antaretic climate schedule (29), so northem 
deep waters may have supplemented the supply 
‘of aged C to the Baja California site. However, 
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Fig. 2. Baja California intermediate-water A™C during the last deglaciation (red), compared with 
atmospheric AC (dark green, light blue, and dark blue) 1,3, 7), and atmospheric CO from Antarctica 
Dome C (6) placed on the GISP2 time scale (black), as discussed in the text. Vertical dashed gray lines 
show the ages of Bolling-Allerod (B-A) and Younger Dryas (YD) boundaries, based on the GISP2 60 
record, and the start of Heinrich event 1 (H), based on the ***Pa™*th record from Bermuda Rise (34). 
The ACR is contemporaneous with the Bolling-Allerod, ppm, parts per million by volume, 


the intemetion of strong circumpolar winds with 
‘bathymetry in the Southem Ocean provides for 
much more effe 


southern sources probably dominated the AMC 
changes in our record, 

North-south teleconnections. Numerous ob- 
servational and modeling studies indicate an 
inverse relationship between Antarctic and 
Nomth Atlantic temperature variations that may 
bbe due to altered interhemispheric ocean-heat 
transport and/or opposing local deep-water 
formation histories (28, 31-33). Insofar as 
AMC of the intermediate-depth Pacific provides 
an inverse proxy for the strength of deep con- 
vection in the Southem Ocean, our results pro 
Vide strong evidence for tight inverse coupling 
of deep-water formation between hemispheres, 
This és clearly demonstrated by the covariation 
‘of intermediate-depth Pacific AMC and the 
formation history of North Atlantic Deep Water 
¢NADW) [or its glacial analog, Glacial North 
Allantic Intermediate, Water (GNAIW)]. based 
‘on measurements of'Pa°Th from sediments 
inthe western Nomth Atkantic (34) (Fig. 3C). The 
near-cessation of 7'Pa export beginning just 
afier 18.000 yr BP. records a collapse of 
GNAIW that has been linked to a massive dis- 
change of glacial ice and fresh water to the North 
Allantic, known as Heinrich event 1. Afier a 
recovery during the Bolling-Allerod warm 
phase, another marked weakening of NADW, 
GNAIW is documented during the Younger 


Dryas cold period, probably also triggered by a 
discharge of glacial meltwater (34), Both periods 
of NADWIGNAIW reduction were times of 
intermediate-depth Pacific AMC decline and 
atmospheric CO rise, 

It is offen difficult to identify trigaers ina 
tightly coupled system, but the relationships 
described above suggest that the Antarctic cli- 
‘mate schedule may have been paced by ive sheet 
axl meltwater forcing around the North Atlantic. 
‘Support for this conclusion comes. fom our 
‘observation that although major inflections inthe 
AMC and 'Pa°Th records in Fig, 3 were 
almost exactly synchronous, the lane AMC 
decrease (ie. Southem Ocean entiation in- 
crease) during Heinrich event | occured more 
gmdually than did the associated decrease 
GNAIW export. This relationship is consistent 
‘with relatively slow citcum-Antarctic warming 
due to anomalous ocean-heat transport (2. 
leading to sea-ice retreat (23) [and possibly 
poleward-shifting westeties (8)] and, conse- 
quently, a progressive increase in deep over 
tuming of the Southem Occan. Aliemativel 
Southem Ocean overtuming may have be 
ed by NADWIGNAIW reductions 
though the requirement (35) that global rates 
of deep-water formation balance global deep 
upwelling, which is forced mainly by winds and 
tides. The abrupt rise in atmospheric ANC at the 
start of the Younger Dryas [*80%n in just 180 
‘years (36)] (Fig. 2) may recon! the time elapsed 
‘before the Southem Osean could begin respond 
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Fig. 3. Southern and north- 


‘rn ocearatosphere changes 
during the last deglaciation, 
‘compared, with intermediate 
water AC. (A) Atmospheric 
Op (black) and ice core 
deuterium (8D) temperature 
proxy (tight blue) from Ant- 
arctica Dome C (6), placed on 
the GISP2 time scale (B) Baja 
Galforiaintermediate-nater 
AC. (©) Inverted decay- 
corrected excess 7 

in Bermuda Rise sediments, 


atmospheric CO, (ppmw) > 


Antarctic ice 8D (per mil) 


beeese es 


based on two methods to. B a 
caleuate excess (green and 
pup) 4), The horizontal 3 = 
dashed line showsthe water 3 & 
column production ratio Seutem Coven 
for these isotopes (0.09: Bo —— 
lower values are primarily ? 
due to Pa export by vigor- baited more 
‘ous NADW. Vertical dashed 
lines show the ages of cli- 005 
matic boundaries, as in Fig. 
2. Error bars are based on 008 
‘compound uncertainties in . 
radiocarbon ages and cal oo £ 
-endar ages. = 

008 

i 
009 
010 


ing to reduced NADW formation, leading tothe 
brief absence of deep-ocean sinks for MC (3: 

Recent work shows that deep North Atlantic 
radiocarbon activities also increased. abruptly 
during the Bolling-Allerad because of renewed 
formation of NADW and that they temporarily 
decreased during the Younger Dryas. when 
NADI formation was again briefly restricted 
(37, 38). In ight of our new record, this pattem 
‘of deep-ocean change was probably limited to 
the North Atlantic (arising trom deep circulation 
changes within the basin), whereas the 
intermediate-depth North Pacific recor! tracks 
the overall redistribution of C from the deep 
‘ocean to the atmosphere 

Implications for the deep C reservoir. Finally, 
‘our results bear on recent questions concerning 
reconstructed rates of atmospheric AMC decline 
during deglaciation and implicd MC aging of 
itlacial deep waters. Although subject to uncer- 
tainties (J, decay projection of our first 
deglacial AMC minimum back to the surface 
‘ocean (39) gives an apparent ventilation age of 
~4000 years, implying that the inferred deep 
Southem Ovean source waters were at least that 
old. This is broadly consistent with the 
minimum deep-ocean age estimated from the 
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atmospheric record, assuming that the old 
reservoir file half of the ocean's volume (40). 
Ages of up to S000 years have been reported for 
telacial deep waters near New Zealand (47), but 
more northerly sites in the Pacific show litle dif 
ference fiom today, at eat at depths shallower 
than ~2 kam (40), We infer that the greatest MC do- 
pletion of the glacial deep ocean was probably 
‘concentrated in the Southem Ocean region (and 
deepest Pacific), coincident with the highest den- 
sities (22) and lowest 87°C values (24). 
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Monochromatic Electron 
Photoemission from Diamondoid 


Monolayers 


'W. L. Yang,’ J. D. Fabbri,? T. M. Willey,? J. R. I. Lee,? J. E. Dahl,“ R. M. K. Carlson,* 


PR. Schreiner, 


* A.A. Fokin,®* B. A. Tkachenko,” N. A. Fokina,’ W. Meevasana,” 


N, Mannelta,** K. Tanaka,” X. J. Zhou,*? T. van Buuren,” M. A. Kelly,? Z, Hussain,? 


N. A. Metosh,? Z.-X. Shen? 


‘We found monochromatic electron photoemission from large-area self-assembled monolayers of a 
functionalized diamondoid, [121}tetramantane-6-thiol. Photoelectron spectra of the diamondoid 
monolayers exhibited a peak at the low-inetic energy threshold; up to 68% of all emitted 
electrons were emitted within this single energy peak. The intensity of the emission peak is 
indicative of diamondoids being negative electron affinity materials. With an energy distribution 
width of less than 0.5 electron volts, this source of monochromatic electrons may find application 
in technologies such as electron microscopy, electron beam lithography, and field-emission flat- 


panel displays. 


crimposed upon 
k diamond. These diamond-crystal 
ex ae fised together and terminated by hy= 
n, Adamantane is the smallest member, con 


dro 
sisting of a single diamond cage; tetramantane, 
‘thigher diamondoid, is constructed by four cages. 


Since the discovery of higher diamondoids in pe- 
troleum, together with selective functionalization 
techniques (/-3), these materials have attracted 
interest because of their potential to combine 
the properties of diamond and nanomaterials 
In addition wo the optical, mechanical, and thermal 
properties of bulk diamond, hydrogen-temninated 
diamond surfaces have negative electron affinity 
(NEA), an important consideration in the devel- 
‘opment of electron emitters [reviewed in (4) 
However, difliculties in emission uniformity, 
electron injection, and electron transport have 
hindered the use of bulk diamond forthis purpose 
(4). The primary challenge for electron emitters 


therefore rem ‘material that would 
realize uniformly lage. highly efficent, and highly 
monochromatic electron emission. Diamondoids 


are an interesting candidate for electron emission, 
because they are essentially fully hydrogen- 
terminated diamond clusters. Indeed, revent 
‘quantum Monte Carlo calculations predict NEA 
for diamondoids up to 1 nm in size (5), 
Lanye-anea selFassembled monolayers (SAMs) 
‘ofa fumetionalized diamondoid, [121 fetramantanic- 


‘cebale Labootor for Advanced Matra, Stantord Uni- 
vessty, Stanford, CA 94305, USA. ‘Adanced Unt Source, 
Lawece Besteley National Laboratry, Bele CA 94720, 
USA ‘Lawrence Livermore National Laboratory, verte, 
‘CA.94550, USA. ‘MoleculaDiamond Technologies, Cher 
{00 Technology Ventures, 100 Chevron Way, Rdhmend, CA 
4802, USA Vinsttut ir Organische Chem, uss big 
University Giessen, Heinrich-But-Ring 58, 35392 Giessen, 
‘Germany, kev Polytechnic Institue, pr. Pobedy 37, 03056 
Wey, Urine 
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G-thiol (2, 3), were assembled on Ag or Au 
substrates. (6, 
[121 fetramantane were also fabricated by evap- 
rating tetramantane powder at 50° to 80°C onto 
cleaned Au substrates in situ. Photocmission 
spectroscopy (PES) and nearedge x-ray absom- 
tion fine structure (NEXAFS) measurements 
Were performed (6) to analyze electron-emission 
properties and the molecular orientation of the 
SAMs Several different samples: with different 
bias voltages (0 to 9 V) were measured to check 
reproducibility, We observed obvious changes in 
the spectra after certain periods of beam exposure 
All PES data shown here were collected at 30K 
with fess than 30 min of x-ray exposure, 


TEY Absorption (Arb. Units) 
fs 
—T 


TEY(ThetayTEY (20°) 


0 0 0 oO 8 
Theta(degree) 


The molecular orientation of the [121] 
tctramantane-6-thiol SAMs was characterized 
by polarization-<dependent NEXAFS, a technique 
used extensively to study alkanethiolste SAMs 
(8-10), Figure 1A shows the total electron 
yield NEXAFS spectra of [121 tetramantane-6- 
thiolate on Au. The NEXAFS spoctra resemble 


{ctramantanethiol adsorbed on the surface, The 


angular dependence seen in the NEXA\ 
implies that the tetramantanethiol forms well- 
ordered monolayers with a preferential arienta- 
tion, Absorption intensity of a NEXAFS 
resonance from a C Is orbital depends directly 
fon alignment between the linearly polarized 
incident x-rays and the transition dipole moment 
imo a particular unoccupied orbital (8, 9). The 
angular dependence is simulated by summing 
over each atomic center with transition dipole 
‘moments oriented along the bonds (8, 9), These 
simulations agree with the experimental data 
(Fig, 1B) when the tetra thi, with the 

axis of the molecule defined by the S-C bond, fs 
tilted by 30 © 10° from the surtice normal (Fig. 
1C) (6), Additionally, the affinity of the thiol for 
the metal leads to thiolate-bound monol 
(7, 13-13), as confirmed by S 2p core-level x-ray 
Photoelectron spectroscopy (16) ( 


The key results of this work are seen in the 
PES spectra of [121 tetramantane-6-thiol SAMs 
grown on Ag (Fig. 2A) and Au (Fig. 3A) sub- 


strates, An emission peak appears for both sur- 
faces at about 1-<V kinetic energy, the onset 0 

the spectraat low kinetic energy. The intensity of 
the peak exceeds all the valence band features. 
For SAMs grown on Ag and Au, the sharp peak 
comprises abv and 17% of the total 
lectron yiekd, respectively. This peak intensity 


Fig. 1. (A) Polarization-dependent total 
‘electron yield NEXAFS spectra collected 
‘on [121}tetramantane-6-thiol SAMs 
prepared on Au. Total electron yield 
(TEV) is plotted against photon energy 
at different beam incident angles. The 
leading-edge peak at 287.6 eV (red oval) 
4s assigned to transitions from the C 15 
‘core level to the unoccupied (CH) o* 
orbitals, and the peak at about 292.5 eV 
is assigned to (C-O) o* orbitals (8, 10, 
12). The second gap indicated by the 
arrow is the characteristic signature of 
diamondoids (12, 12). (B) Comparison 
between experiments and theoretical 
simulations. Red squares represent the 
‘experimental ratio of (C-H) 0° spectral 
‘weight between data at different angles 
‘and that at 20°. The black line i the 
‘calculated ratio based on the molecular 
‘geometry as shown in (O), with a polar 
angle of 36.5° (6). 
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B is several times as strong as that found for 

hydrogen-terminated diamond surfaces: [ez.. 
(4.17-19)), Even with a logarithm plot (insets), 
fone can still see a sharp feature instead of the 
typical exponential decay of secondary electrons 
in this energy range. 

To ensure that this unusual electron emission 
originates from the diamondoid monolayers, 
\we applied two different techniques to cover 
‘or remove the monolayer 
diamondoid SAM with one monolayer of Ceo. 
‘which was evaporated onto the SAM surfi 
caused the sharp emission feature to vanish 
(Fig, 2B), The valence band of the Cao covered 
surface is neither from tetramantancthiol nor 
fiom Ceo (20), but the origin of these features is 
rot clear at present, The diamondoid SAM was 
also removed by anncaling a SAM sample to 
50°C in situ, Given that the thermal stability of 
conventional alkane thiol SAMs is ~70°C (21), 
this treatment should remove the diamandoid, 
and as shown in Fig. 2C, the low kinetic ener 
peak completely disappears afl annealing (22) 

To investigate the imponuance of monolayer 
of functionalized diamondoid versus a thin film 
of diamondoid, we compared [121 fetramantan 
Gthiol SAMs with [121 }tetramantane films. 
Figure 3B shows the PES spectrum of the 
[121 }otramantane film. The spectrum shows a 
small peak at low kinetic energy, in sharp contrast 


Fig. 2. (A) Photo- 
electron spectra of 
[a21}tetramantane-6- 
thiol SAMs grown on Ag 
substrates, collected with 
55-eV photon energy. 
‘The strong peak at 1-eV 
kinetic energy contains 
68% ofthe total photo- 
electrons, The dotted 
line is a SO-times en- 
largement of valence 
band features. The inset 
shows the same spectra 
in a double logarithm 
plot, (B) Photoelectron 
‘spectrum collected on 
{121 ]tetramantane-6- 
thiol SAM covered by Cao sublimed in situ. The strong electron-emission peak disappears after Coo 
coverage. (C) Photoelectron spectrum collected on an annealed [121]tetramantane-6-thiol SAM. As in (B), 
the peak observed for the pristine SAM vanishes after the in situ annealing to 550°C. The difference 
between the spectrum in (C) and a pure Ag PES spectrum could be partially due to residual S atoms still 
bound to the surface after annealing. 


Intensity (Arb, Unit) 


0 2 Ow 
Kinetic Energy (eV) 


Fig. 3. (A) Photo- 
electron spectra of 
[121}tetramantane-6- 
thiol SANs grown on Au 
substrates. The sharp 
peak at 1 eV contains 
about 17% of the total 
photoelectrons, The inset 


Intensity (Arb. Unit) 


with the data 2 
‘shows a double logarithm with the daa 
Preece wae So anaeme 
Taraltesrementane conductivity within the thicker films versus 


{121 ]tetramantane 
films prepared in situ on 
‘Au substrates, The inset 


that through the monolayers, and the other is the 
role that the thiol groups play in the SAM sam 


is an enlargement of the ples, Notably, this result indicates that the stro 
tow-kinetic energy part ee eh OH HOH BH % © =H  clectron emission does not occur solely from the 
‘of the spectrum showing Kinetic Energy (eV) Kinetic Energy (eV) diamondoid surface, but that the metal substrate 
‘only a small peak. is also intimately involved in the process, 


We further confined that the sharp peak 
remains atthe same energy position with varying 
‘roton excitation eneruy (fig. $3). This rules out 
the possibilty of core-level excitations and sug- 
asssts that this sharp feature is not from electrons 
dicctly excited by photons, but from electrons 
accumulated at an intrinsic energy level of the 
molecules. 

PES has been used widely for studying NEA 
materials, and a sharp feature at a lo kinetic 
energy threshold is often evident in the spec 
NEA 4, 17-19, 23, 24). Thus the emissi 


‘emission process on diamondoid 
SAM surfaces, is the Fermi level 
‘of the metal substrate, sitting in the 
‘energy gap of diamondoid. The 
vacuum level (Eyssun)_ is below 
the conduction-band minimum of 
the diamondoid, a characteristic of 
NEA. The dotted red tine depicts 


emtted 
<tiections 
Photoelectron Vieks 
the high-probability electron emis- 


sion. First, electrons in metal substrates are excited 


by photons into unoccupied states above Er. 
‘Second, the excited electrons effectively thermalize 
in the metal, producing more electrons with lower 
‘energy. Third, electrons with energy above the 
conduction band minimum are transferred to 
‘diamondoid moieties, These electrons further lower 
their energies by exciting phonons in the mole 
‘cules, and they accumulate at the bottom of the 
‘conduction band. Finally, because of NEA, electrons 
accumulated at the bottom of the conduction band 


presented in this work provides direct © 
‘that certain functionalized diamondoids are NEA 
Imaterials, consistent with the recent diffsion 
Monte Carlo (DMC) calculations (5). Moreover, 
the calculated DMC band gap, about 7 eV for 
tetramantane (5), is also consistent with the band 
‘gap estimated from our photocmission spectra, 6 
to 8 eV (25). As futher evidence of NEA, we 
‘evaporated slightly potasium (K) metal onto the 
SAM sample. In the PES spectrum of a K-covered 


‘emit into vacuum spontaneously and generate a peak at the low-kinetic energy threshold. Electron 
‘emission takes place also at high-kinetic energy levels, but with much lower photoelectron yield. 
‘Although this scenario roughly explains the existence of the electron-emission peak, more theoretical 
understanding is needed to fully explain the results. 


[121 fetramantane44-thiol SAM on a Ag substrate, 
the sharp peak retains is high intensity and occurs 
atthe same energy position as in the PES spectrum 
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\without K (lig. $4). This is another indication of 
NEA because K deposition onto a postive elec- 
tron affinity semiconductor will kad to a shit of 
the low-kinetic energy cutoff and strong enhano- 
iment of the secondary electron background. 

(On a typical NEA surface, electrons excited 
into unoccupied states relax to the bottom of the 
conduction band as a result of inelastic seatter- 
ing, a process normally referred toas the second- 
ary cascade. A number of secondary electrons 
Will then accumulate at the bottom of the con- 
duction band, For a surface with positive elec- 
tron affinity (as occurs in almost all untreated 
‘semiconductor surfaces), these accumulated elke 
trons cannot escape. For an NEA surface, these 
accumulated electrons can be emitted directly be- 
ceause the vacuum level lies below the bottom of 
‘conduction band. As a result, a peak will be ob- 
served atthe low- kinetic energy threshold in PES 
171923). 

However, on diamondoid SAM surfices, there 
is only a single layer of diamondoid molecules 
‘The detailed mechanism responsible forthe high- 
ly monochromatic emission is unknown at this 
stage, Naively, one may consider that photoex- 
cited electrons lose energy by ereating phonons in 
the molecules, but this woul! likely lead tthe 
destruction of the molecules. A plausible scenario 
is that most of the photoercited electrons come 
from the substrate, These electrons first thermalize 
in the metal, producing many more low-energy 
electrons. Electrons with enengies above the 
<diamondoid conduction-band minimum may get 
transferred 10 diamondoid molecules, reach the 
bottom of the conduction band by creating 
phonons, and get emitted. This proposal is shown 
schematically in Fig. 4. Another difference be- 
twweert our results and those of other typical NEA 
systems (4, 17-19, 28, 24) is that our data show a 
spike in the spectra rather an. exponential rise of 
the secondary tail toward the threshold, suggesting 
that a single enengy level, resulting from the mo- 
Jecular nature of nanometer-sized diamondoids, 
and/or a strong resonance process are involved. 

Our results suzest that diamondoid mono 
layers may have promising utility. Not only can 
functionalized diamondoids be easily grown into 
large area SAMs with NEA properties, they also 
naturally circumvent the long-standing electron 
ty issues encountered for wide-gap bulk 
conductors (4, 26), On a diamondod 
SAM surface, electron conduction from the elec- 
tron reservoir (metal substrates) to the emission 
surface is through a single molecule, which suc- 
cessfilly avoids the low-conductivity problem 
and enhances the electron emission. Additional- 
ly, the possibility of different functionalizations 
(3, 4allows one to optimize the NEA and other 
properties of diamondoids. Although many techni- 
«al issues need to be addressed before diamondoid 
SAMs can be used as electron emitters, diamond- 
ids provide intrinsic advantages over bulk 
materials because of their special molecular 
cchamctetistics—for example, narrow energy dis- 
tribution of the electronic states. 
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Coherence Dynamics in 
Photosynthesis: Protein Protection 
of Excitonic Coherence 


Hohjai Lee, Yuan-Chung Cheng, Graham R. Fleming* 


The role of quantum coherence in promoting the efficiency of the initial stages of photosynthesis, 
isan open and intriguing question. We performed a two-color photon echo experiment on a 
bacterial reaction center that enabled direct visualization of the coherence dynamics in the 
reaction center. The data revealed long-lasting coherence between two electronic states that are 
formed by mixing of the bacteriopheophytin and accessory bacteriochlorophyll excited states. 
This coherence can only be explained by strong correlation between the protein-induced 
fluctuations in the transition energy of neighboring chromophores. Our results suggest that 
correlated protein environments preserve electronic coherence in photosynthetic complexes and 
allow the excitation to move coherently in space, enabling highly efficient energy harvesting and 


trapping in photosynthesis. 


ily efficient solar enemy harvesting 
and trapping in photosynthesis relies on 
ophisticated mokecular machinery built 
from pigment-protein complexes (2). Akthough 
the pathways and time scales of excitation enengy 


Department of Chemistry and 083 Institute, University 
of Califeria, Berkeley and Physical Bioscience Division, 
Lamtence Berkeley National Laboratory, Berkeley, CA 
98720, USA. 

“To whom correspondence shoud be addresied. Email: 
Giteming@b.gov 


transfers within and among these photosynthetic 
complexes are well studied, less is known about 
the precise mechanism responsible forthe enenzy 
transfer. In particular, to what extent quantum 
‘coherence contributes to the efficiency of enerey 
transfer is largely unknown. Only recently have 
nonlinear optical spectroscopy and theoretical 
modeling started to reveal that coherences 
between electronic excitonic states can have a 
substantial impact on excitation energy transfer 
in photosynthetic systems (2-4), For example, 
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Engel er al, have demonstrated using 1wo- 
dimensional (2D) electronic spectroscopy that 
surprisingly long-lived (>660 18) quantum coher 
cenoos between excitonic states play an important 
role in the dynamics of energy transfer in pho- 
tosymthetic complexes. the energy transfer 
is described by wavelike coherent motion instead 
of incoherent hopping (4). 

To understand the origins of such long-lived 
coherences and the role of the protein matrix in 
its preservation, an experiment specifically de- 
signed o monitor electronic coberenees between 
excited states is required. Here, we deseribe a 
two-color electronic coherence photon echo ex 
periment (2CECPE) that protuces a direct probe 
Of electronic coherences between two exci 
states, We applied the method 10 the coberencs 
between bacteriopheophytin and accessory bac- 
teriochlorophyll in the purple bacteria reaetion 
center (RC). The measurement quantities 
dephasing dynamics in the system and provides 
strong evidence that the collective fong-range 
electrostatic response of the protsin environment 
to the electronic excitations is responsible for the 
Jong-lasting quantum coherence. In other words, 
the protein environment protects electronic 
coherences and plays a role in the optimization 
of excitation energy transfer in photosynthetic 

omplexes, 

The RC fiom the photosynthetic purple bac= 
terium Rhodobacter sphaeroides includes a 
buteriochlorophyll dimer called the special pair 
(P) in the center, an accessory bacteriochlo- 
rophyll flanking P on each side (BCH: By and 
By. forthe L and M peptides, respectively) ant 
a bxeteriopheophytin (BPhy: Hy and Hy for the 
L and M peptides, respectively) next to cach 
BCH (5). (We use HT and B to denote excitonic 
es Whose major contributions are from 
monomeric BPhy and accessory BChI in the 
RC, respectively.) In addition to electron trans- 
fer with near-unity efficiency (6), energy trans- 
fer occurs between the excitonically coupled 
chromophores—for example, from H to Bin 
bout 100 f and fiom B to P in about 150 fin 
the isolated RC (7-10), In our experiments, the 
primary electron donor (P)is chemically oxidized 
by KsFe(CN, (17), which blocks electron trans- 
fer from P 10 Hy, but docs not affect the dy- 
names of energy transfer (8). This modification 
climinates imerference from the charge-transfer 
ddynamies, The absorption spectrum of the P- 
oxidized RC at 77 K (Fig. LA) shows the Ht band 
a 750 nm and the B band at 800 nm. 

in our 2CECPE (11) (Fig. 1B), three 40-6 
laser pubes interact with the sample and generate 
4 signal field in the phase-matched dircetion ky 
The first two pulses have different colors and are 
respectively tuned for resonant excitation of the 
1 transition at 750 nm and the B transition at 
800 nm (Fig. 1A), This is different from 
conventional two-color three-pulse photon echo 
technique in which the first wo pulses have the 
sane color (/2). In our experiment, the first 
pulse (750 nm) creates an optical coherence 
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(electronic superposition) between the ground 
state and the H excitonic state (‘2H coherence). 
The coherence evolves fortime delay f, until the 
second pulse (800 nm) interacts with the sample 
to form a coherence between B and H (BXH 
coherence) that evolves fora time f. Finally, the 
‘third pulse (750 nam) interacts with the system to 
‘generate a photon ccho signal if, and only if, B 
and H are mixed. The integrated intensity of the 
echo signal is recorded at different delay times 1, 
and ty. The central idea of the experiment is that if 
‘two chromophores ane coupled and create two 
exciton bands (Hand B in this case) in the ab- 
somption spectrum, then excitation resonant with 
‘one transition ()—+H), folknwed by excitation 
resonant with the other (ig)—»B)) converts the 
initial coberence (2H) into a coherence of the 
‘two exciton bands ([B)(H). This experiment is 
distinct from conventional two-color three pulse 
photon echo measurements because different 
‘colors in the first wo pubes are used 10 optically 
select the contributions to the third-order re- 
sponse function that arise from coherence path- 
\Ways involving electinie superposition between 
{wo exciton states in the fp period, Because the 
system is in a coherence state in time fs. popu 
lation dynamics only contribute to dephasing and 
do not generate additional echo signals theref 
this technique is specifically sensitive 10 the co- 
erence dynamics and provides 3 probe for the 
protein environment of the chiomophores. A 
similar pulse ordering was applied in dual- 
frequency 2D infrared spectroscopy 10 study 
Vibrational coherence transfer and mwxle cou 
plings (3, 14). 

‘The 2CECPE signals for the RC asa function 
fof fy and fy measured at 77 K and 180 K are 
shown in Fig 2, A and B, respectively. These 
figures provide a 2D representation of the sys- 
‘tem, which propagates as a XH) coherence dur- 
ing the 1 period and as a B)(H. coberence during 
the f2 period. The result is a map showing the 
dephasing dynamics of the eXH) coherence 
along the f, axis and the dynamics of the (BX! 
coherence along the fy axis. Clearly the decay of 
the (eX) coherence is much faster than the de- 
cay of the BH coherence. Moreover, following 
the black curve that connects the maximum of 
integrated echo signal at fixed fg. we see that the 
signals exhibit a sawtooth-shaped beating pattem 
that persists for longer than fy > 400 1. This 
‘oscillatory behavior is not from excitonic beating, 
given that we detect signal intensities in which 
the oscillatory phase factor vanishes: instead, this 
‘beating indicates electronic coupling 10 vibra- 
tional modes. Notably, the pattem is also pe- 
culiarly slanted along the antidiagonal direction: 
this slant arises because the vibrational cober- 
cence is induced by the first laser pulse and prop- 
gates in time fy + f making the peaks of the 
‘beats parallel to the antidiagonal (f+ fy fixed). 
The signals show substantial peak shift [i.c. 
shift from fy = 0 (22) indicating comelation of 
the excitation energies between the Hand B 
transitions (12), 
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To analyze the B)(H) coherence dynamics, 
‘we plotted the integrated signal at fy = 30 f% 
(across the maxima of the firs beat) as a function 
of fy (Fig. 3), Clearly, the dephasing is enhanced 
at higher temperature, as expected. The decay of 
the echo signal as a function of fp is not de- 
scribed by a single exponential decay because of | 
its highly non-Markovian nature and the vibration- 
al modulation. A Gaussian-cosine fit ofthe signal 
shows that the main component of the coherence 
signal decays with a Gaussian decay time (r,) of | 
40 and 310 at 77 and 180 K, respectively 
(eq, SI and fig. S1). These dephasing times are 
substantially Jonger than the experimentally 
ootimated excitation energy transfer time scale 
of about 250 f from H to B to P* (8). The 
suprisingly long-lived |BYH) coherence indi- 
ceates that the excitation enengy transfer in the 
RC cannot be described by Férster theory, Which 
neglects the coherence between donor and aceep- 
tor states (/5), In addition, the decay of the eX 
coherence is much faster than the decay of the 
'B)(H coherence. Considering thatthe dephasing 
of the g)(H coherence is caused by the transition 
‘nergy fluctuations on H, whereas the dephasing 
ofthe |BXH, coherence is due tothe fluctuations 
‘on the gap between H and B transition energies, 
the transition energy fluctuations on B and I 
correlated, because in-phase 
ns do not destroy coherence, 
Such a strong correlation can arise for two 
possible reasons: strong electronic coupling 
between B and H and/or strong comelation be- 
tween nuclear modes that_modulate transition 
fiequency Muctuations of localized BCH! and 
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Fig. 1. The 2CECPE experiment. (A) The 77 K 
absorption spectrum (black) of the P-oxidized 
RC from the photosynthetic purple bacterium 
R. sphaeroides and the spectral profiles of the 
~40-4s laser pulses (blue, 750 nm; red, 800 rim) 
used in the experiment. (B) The pulse sequence 
for the 2CECPE experiment. We detect the in- 
tegrated intensity in the phase-matched direc- 
tion ky =a + he + hs. a, arbitrary units, 
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BPhy excitations. Our theoretical analysis found 
that strong electronic coupling alone cannot re- 
produce the sawtooth patter and a dephasing 
time as long as that observed (1). Instead, eross- 
comlation between nuclear modes modulating 
the energy levels of localized BC! and BPhy 
excitations is required, 

‘We modeled the 2CECPE signals using im- 
pulsive limit third-order response functions for a 
coupled heterodimer based on the transition fre 
queney correlation finetions for each localized 
excitation (J, 16). The model comelation func- 
tions contain a sum of a Gaussian component 
representing solvent reorganization and a con 
stant term representing the inhomogencous static 
contribution: 


Gilt) = (Bop exp(-7/4P) +47 (1). 
where (Ao?)"? is the fluctuation amplitude that is 
determined by the reorganization energy 2, Tis 
the bath relaxation time, A is the standard de- 
Viation of Gaussian stati distribution, and i = h, 
‘b, and hh denote the localized BPhy, BChI exci- 
tations, and the eoss-correlation between them, 
respectively. For C(t) and Cyd we adopted 
parameters established by previous photon echo 
‘experiments on the neutral RC and by quantum, 
chemistry calculations (17-20). For simpli 
wwe used a single coefficient ¢ to describe the 
ceross-comrelation and assume yy = €+ Vip and 
Aj = €+ Andy. The eross-correlation coetlicent 
‘ fepresents the extent fo Which nuclear motions 
modulating the transition frequencies of localized 
BPhy and BChI excitations are comelated with 
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cach other. With © = 0.9 and the addition of 
Vibrational mode coupled to the localized BPhy 
excitation (69 = 250 em"; Huane-Rhys factor 
(04: damping time > 0.6 pss phase shift 0.28 rad), 
the model semiquantitatively reproduces the 
‘measurements at 77 and 180 K simultaneously: 
a value of 0.6 substantially diminishes agree- 
‘ment with experiment (Figs. 2 and 3). Adding 
more tems to the model correlation functions 
improves the fit to experiments, but does. not 
change any conclusions, 

Ae value near unity implies that nuclear 
modes coupled to Hand B exhibit almost iden- 
tical motions immediately afler excitation. In 
‘other words, the two chromophores, H and B, are 
effectively embedded in the same protein envi- 
ronment and feel a similar short-time Gaussian 
component of their energy-kvel fluctuations. 
Most likely, this shotime component is the 
electrostatic response of the protein environment 
{to the electronic excitations. Mokecular dynamics 
simulations of the RC support this conclusion 
‘and show that interactions with the solvent en- 
Vionment (protein and water), rather than the 
intramolccular contributions, dominate the tran 
sition energy fluctuations of the P dimer excited 
state 21), 

Theories for excitation energy transfer in 
Pigment-protein complexes usually assume an 
independent bath for cach of the individual chro- 
mophores (/-3, /5, 22, 23), However, our result 
suggests that in densely packed pigment-protcin 
‘complexes, the assumption of independent bath 
environments for each site is not correct. Indeed, 
previous molecular dynamics simulation on the 


. 2 150 


(fs) 


Fig. 2. Two-dimensional maps of experimental (A and B) and simulated (C and D) integrated echo 
signals as a function of the two delay times, fs and f2, from the RC. The black lines follow the 
maximum of the echo signal at a given tz. The data at f2 < 75 fs are not shown because the 
conventional two-color three-pulse photon echo signal (750-750-800 nm) overwhelms the 2CECPE 
signal in this region, due to the pulse overlap effect. 
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RC of Rhoxlopseulomonas viridis also showed 
that nuclear motions of adjacent chromophores 
ane strongly correlated (24). Given that closely 
packed pigment-protcin complexes are a ubiqui- 
{ous configuration for efficient energy harvesting 
and tapping in photosynthetic onganisms, the 
long-range correlated fluctuations indicated by 
‘our results are unlikely to be unique. 

What are the likely consequences of long- 
lived electronic coherence in the RC? Firs, stich 
‘coherence enables the excitation to move rapidly 
and reversibly in space, allowing a very efficient 
search for the energetic trap, in this case the 
primary electron donor, P. The almost complcte 
correlation ofthe Hand B fluctuations (on the few 


exciton states of P with those of B 
bth-induced coherence transfers 
‘various pairs of excitons (25-27), We suggest that 
the overall effect of the protection of electronic 
coherence is to substantially enhance the energy 
transfer efficiency for a given set of electronic 
couplings over that obtainable when electronic 
dephasing i fast compared with transfer times, 

1k will be important to contin this proposal 
bby carrying out experiments similar to the one 
described here, but with excitation wavelengths 
resonant with B and P and with H and P. The 
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Fig. 3. Integrated echo signals as a function of 
tg at fy = 30 fs. Because the system evolves as a 
coherence between the H and B excitons during 
the tz period, this plot represents the dephasing 
dynamics of the IBXHI coherence. Measurements 
at 77 K (A) and 180 K(B) are shown in solid circles, 
and the theoretical curves are shown in red (¢ = 
0.9) or blue (c= 0.6) lines. au, arbitrary units, 
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recent results of Engel et al. on the Fenna- 
Matthew-Olson complex of green sulfur bacteria 
also suggest strong corelations between the 
‘uctuations of the neighboring one-exciton states 
fof the comple (4), Clearly, further studies are 
required before it ean be stated that comrelated 
fuctuations and the consequent protection of 
electronic coherence isa general feature of photo- 
synthetic pigment-protein complexes, but it 
seems clear that any accurate description of the 
‘dynamics (and design principles) of these sys- 
tems will require proper consideration of both 
juantum coherences and long-range system-bath 
interactions (3, 22, 23), 

We close by briefly comparing the present 
technique with existing experimental meth- 
‘ods. In principle, 2D electronic spectroscopy 
(4, 28, 29) and pump-probe anisotropy spec 
trascopy (70, 23, 30) both contain information 
“about coherence dynamics in the form of quantum 
beatings. However, interferences from other co- 
hrerence states and population relaxation can 
‘ereate «complicated beating patter that makes 
4 quantitative analysis of coherence dynamics in 
the 2D spectrum or an anisotropy decay difficult 
In this regard, the 2CECPE technique provides 
Uunique too! that can resonantly select third-order 
response contributions fom a specific eoberence 
pathway and should lead to much-improved 
understanding of coherence dynamics and the 
protein fluctuations that gover these dynamics 
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Stepwise Quenching of Exciton 
Fluorescence in Carbon Nanotubes 
by Single-Molecule Reactions 


Laurent Cognet,"?* Dmitri A. Tsyboulski,’t John-David R. Rocha,*t Condell D. Doyle,” 


James M. Tour,? R. Bruce Weisman? 


‘Single-molecule chemical reactions with individual single-walled carbon nanotubes were observed 
through near-infrared photoluminescence microscopy. The emission intensity within distinct 


‘subi 
base, or diazor 


rometer segments of single nanotubes changed in discrete steps after exposure to acid, 
1m reactants. The steps were uncorrelated in space and time and reflected the 


quenching of mobile excitons at localized sites of reversible or irreversible chemical attack. 
‘Analysis of step amplitudes revealed an exciton diffusional range of about 90 nanometers, 


independent of nanotube structure. Each exciton 


ited about 10,000 atomic sites during its 


lifetime, providing highly efficient sensing of local chemical and physical perturbations. 


tical excitation of semiconducting singke- 
O= ‘cabon nates (SWNT) ge 

ites relatively strongly bound excitons 
\whose spatial dimensions are predicted to be a 
few nanometers (/-3). Experimental evidence of 
ent exciton-exciton annihilation in. nano- 
icates that SWNT excitons have sub- 


tubes 
stantial mobility along the tube axis (4-6). 
However, the extent of this mobility is still 
experimentally and theoretically uncertain. A 
notable rested effect is the strong suppression of 
Photohiminescence (PL) when SWNT sidewalls 
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are perturbed by chemical reactions (7-9), This 
quenching phenomenon has hampered the use of 
covakntly derivatized SWNTS as near-inffanad 
(near-IR) fluorophores, 

We report the use ofsingle-nanotube micros- 
copy to detect stepwise changes in SWNT PL 
intensity within segments of individual nano- 
tubes while they are exposed to chemical reac- 
tants, These stepwise changes in PL intensity are 
caused by reactions of single molecules with one 
nanotube. Since the pioneering low-temperature 
‘experiments of Orritand Moemer, single-molecule 


spectroscopy hus proven tobe a powerful too! that 
bypasses ensemble averaging in the study af static 
nx! dynamic nao-objects in various environ 
ments (/0, 12), Single-molecule approaches are 
especially appealing for SWNT fundamental 
suas and applications (/2-/4) because the 
bulk samples are highly heterogeneous, In the 
present work, the magnitudes of PL intensity 
steps caused by single-molecule reactions reveals 
that the exciton excursion range in highly 
Juminescent SWNTs is ~90 nm and is essentially 
independent of nanotube structure, This wom 
temperature excitonic motion is dedced 10 be 
diffusional. Because each nanotube exciton visits 
a yery large number of atomic sites during its 
lifetime, PL quenching provides an ultrasensitive 
method for sensing and studying certain types of 
chemical reactions with nanotube sidewalls. the 
single-molecule level 

(Our studies required highly luminescent sn 
relatively long nanotubes that were immobilized 
yet accessible to added reactant solutions. We 
therefore used very brief tip ultrasonication to 
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disperse raw high-pressure CO (HiPco) SWNTS 
in aqueous sodium dodecylbenzenesulfonate 
(SDBS) surfactant before mixing the dilute 
suspension with a melted agarose gel preparation 
(U5). Aqueous gels are commonly used in 
molecular biology to provide an inert immobitiz~ 
ing environment and have previously been 
applied in single-molecule optical measurements 
(16), We captured near-IR fluorescence images 
Of single nanotubes with a wide-field inverted 
microscope modified to include laser excitation 
and a low-noise InGaAs camera (/4). Individual 
SWNT a few micrometers in length were easily 
identified in these images, and some of them 
displayed uniform and high PL intensity (Fig 
1A). The (in) structural assignment of each 
studied tbe was deduced from the peak 
wavelength of its narrow Lorentzian emission 
spectrum (/7), as measured with a dedicated 
spectrograph and multichannel near-IR. detector 
(Fig. 1B), In this study, we selected the brightest 
nanotubes present in the Weakly sonicated sam- 
piles, We believe that these selected nanotubes 
have low defect densities and nonradiative 
relaxation rates that are dominated by intrinsic 
processes, Mast of these nanotubes displayed PL 
that varied linearly at the excitation intensities 
ul remained stable fortens of minutes 
inuous illumination (Fig, 1, B and C). 
used low laser intensities (100 Wien?) to 
ation effsts. that 
‘would shorten the exciton lifetine 
iton’s excursion range (4-7), Furthermore, we 
Verified that the nanotubes studied here showed 
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Fig. 1. Fluorescence measurements on an indi- 
Vidual SWNT immobilized in agarose gel. (A) Im- 
age of an (11,3) SWNT excited at 100 Wicm?. 
Scate bar, 1 jum; the intensity scale is tinear from O 
(black) to 45,000 camera counts (white) (B) Spec- 
trum of the same nanotube (op) and color-coded 
contour plat (bottom) showing the stability of spec- 
tra taken at 5-5 intervals for 300 5. (C) Lumines- 
‘cence intensity from the same nanotube as a 
function of excitation intensity. Linearity up to 
500 W/cm? indicates that no multiexciton pro- 
‘cesses occur at 100 Wicm?, which is the excitation 
intensity used inthis study. 
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no detectable spectral shifts, spectral broadening, 
‘or change in emission intensity during the typical 
duration of our experiments (Fig. 1B). Finally, we 
confirmed that the emission spectra of SWNTS 
embedded in agarose gels matched those of 
SWNTS in fluid surfactant suspension, 

To initiate chemical reactions, we placed a 
10441 drop of reactant solution on the edge of the 
20 mm by 20 mm sample get while recondi 
fluorescence images of a specific nanotube wit 
stable and spatially uniform emission (fig. S1). 
Two reactants were used. One was sulftric acid 
(0.05 M), which causes pl-<dependent, reversible 
quenching of SWNT fluorescence (7,8, 8}. The 
jother was 4-chlorobenzenediazonium tctrafluo- 
roborate (I mg/ml in water), which is known to 
ive imeversible covalent derivatization of carbon 
atoms on the nanotube sidewall (19), We 1 
cconded fluorescence image sequences at an 18+ 
Hz frame rate and plotted the total intensity 
Within selected 2 = 2 pixel regions to obtain PL 
intensity traces. The chosen spatial binning region 
(4 pixels) comesponded to 670 nim by 670 nm, 
Which is essentially the diffraction limit at the 

-IR wavelengths. 

‘The PL intensity trace from a 670-nm se 
iment of an individual (8,6) nanotube after © 
posure to sulfuric acid is shown in Fig. 2A. That 
nanotube’s luminescence spectrum is plotted 
Fig. 2B, Coarsely, the PL time trace displays an 
‘exponential decay form. However, closer exam- 
ination reveals a series of strikingly distinct steps 
bbetwoen well-defined intensity levels, rather than 
a continuous decrease (Fig. 2A, inset), Moreover, 
the luminescence shows upward as well as 
downward steps. To analyze the distribution of 


Luminescence (a) 


sep amplitudes, we compiled a histogram forthe 
first 108-s period, showing signal differences (6/) 
between successive image frames (Fig. 2C). 
Apart from the large main peak near zero, whose 
‘width arises mainly fiom signal noise 
four distinct side bands distributed symmetrically 
round zero, These side bands are the signature 
of specific step amplitudes, The inner two (kt 
beled +1 and 1) correspond to positive and 
negative Steps ofthe same unit intensity, whereas 
the outer two (+2 and -2) correspond to doubke- 
amplitude steps. The presence of discrete (quantized) 
intensity changes is confimned by the precisely 
linear relation linking the amplitudes of these 
intensity sicps (Fig. 2D), 

We attribute the observed discrete intensity 
‘seps to individual protonation reactions at the 
nanotube surface, The =I and -2 steps would 
arise, respectively, ftom one oF two independent 
sidewall reactions occurring within the 54-ms 
sampling interval, whereas the +1 and $2 steps 
would arise from the reverse chemical processes. 
The mechanism through which acids quench 
nanotube luminescence has been described as 
a protonation at the sidewall of the nanotubes 
(7.8, 18). In this scheme, a hole is injected into 
the nanotube r-sysstem near the protonation ste, If 
an exciton encounters such a chemically induced 
hole before it radiatively recombines, the exci- 
ton’s luminescence will be efficiently quenched 
through nonradiative Auger processes (6). 

Because the excitons have a limited excursion 
range, only a fraction of those generated within 
aan observed 670-nm seement will be quenched 
by a single protonation-induced hole, Ifthe den- 
sity of such holes is low, then each one causes the 
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Fig. 2. Reversible stepwise quenching of individual SWNTs by acid. (A) Luminescence intensity of a 
<iffraction-limited segment of an individual (8,6) SWNT after addition of acid. Inset shows an expansion 
‘of the first 100-s period, revealing well-defined reversible steps. (B) Near-IR emission spectrum of this 
‘SWNT, showing a single Lorentzian peak. (C) Histogram constructed from the data in the inset of (A), 
showing the distribution of changes in luminescence signal (&) between successive 50-ms frames. Four 
symmetrically located side bands are evident at well-defined ai values. (D) Sideband peak positions as a 
function of sideband label. The linear relationship indicates that the side bands correspond to discrete 
protonation and deprotonation steps (see text). (E) Luminescence signal ofa diffraction-timited segment 


‘of an individual (7,6) SWNT upon successive adi 


n of acid (¥) and base (A). Luminescence recovery 


‘observed after base addition. (F) Expanded inset from (E) showing reversible steps in the recovery period. 
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‘same amount of quenching (corresponding to the 
‘observed - | step amplitude), and cach deproton- 
ation restores the same amount of kuminescence 
(the observed +1 step amplitude). However, 
when the typical distance between quenching 
sites becomes shorter or comparable tw the ex- 
citon excursion range, the quenching impact of 
additional sites is reduced, giving smaller and 
‘eventually unresolved steps, as seen at Later times 
in Fig. 2A. 

‘To confirm that the observed stochastic 
stepwise quenching arises from reversible pro- 
tonation, we added ~10 yl of | M NaOH to 
nanotube samples that had previously been 
‘quenched by acid addition, The inverted triangle 
in Fig, 2E marks the point of acid addition, and 
the standard triangle marks the point of base 
addition. The period of luminescence restoration 
is expanded in Fig. 2F, which shows the expected 
stochastic stepwise intensity changes. Statistical 
analysis of upwanl and downward steps in a 
medium of known plU ean in principle provide 
the pk, ofthe protonated nanotube. However, we 
could “not perfomn this analysis on our data 
because of time-dependent pl gradions in the 
sample, Lane intensity Muctuations were observe 
“aller luminescence was restored by base addition, 
‘We attribute this behavior to local pH fluctuations 
near the nanotube within the agarose pores afler 
the successive addition of acid and base without 
active mixing. Finally, the higher intensities seen 
in Fig, 2E alter estration likely reflect a higher 
final pH level at the nanotube (/8). 

‘To compare these exciton-quenching effects 
with those caused by an irreversible chemical 

(11,1) (©) species upon adi- 


ri 
| 
tion of the diazonium salt 


Fig. 3. Irreversible local- 
ized quenching of individual 
SWNTS with 4-<hlorobenzene- 
dliazonium tetrafluoroborate. 
Luminescence quenching of 
dlifraction-timited. segments 
of individual SWNTS f shown 
for (8,3) (A), (8,6) (B), and 


reaction, we performed similar measurements on 
samples exposed to diazonium salts (Fig. 3)(20) 
These traces abo display distinct steps in Jumi- 
nescence intensity, but the great majority of the 
steps are negative (°95%), indicating a mainly 
imeversible process (9). Adjacent diflaction- 
limited segments within a single nanotube ex- 
hibited very different dynamics, with lithe or no 
correlation between the time positions of the 
steps (compare cach set of rod and black traces in 
Fig. 3, A to C). Similar spatially uncorrelated 
behavior in acid quenching is vividly illustrated 
in movie S1. This observation demonstrates that 
the mean excursion range of excitons must be 
smaller than our optical resolution of 670-nm. 
The same conclusion can be drawn from the 
localized PL in bent nanotubes excited by lin- 
carly polarized light (14) (fig. S2). 

Comparison of the PL time trices within cach 
fame of Fig. 3, A C. reveals that for different 
segments of one nanotube, the first few step 
heights are integer mukiples of the same unit 
intensity change A (regions marked by singh 
asterisks). This stepwise quenching pattem leads 
toemission intensity plateaus that match between 
distinct segments of the same tube. As was ob- 
served for acid quenching, the steps have iden- 
tical amplinuxies at low densities of quenching 
sites, and they have gradually smaller amplitudes 
at longer times when the typical distance between 
‘quenching sites becomes shorter than oF compa 
rable to the exciton excursion range. However, 
contrast to the reversible protonation reaction 
acid quenching, the singk-molecule diazonium 
salt reactions are essentially imeversible, Here, 


a 


solution. reversible intensity ° 
steps are observed. Each as 
terisk marks an elementary 
Lunt step. In each frame, the red (lower) and black 


2 Time (s) 


350 teme(s) «9 Times) 1” 


(upper) traces correspond to adjacent segments (each 


{670 nm in length) of the same nanotube. The black traces have been shifted upward by one unit step 


for clarity. 


Fig. 4. Exciton excursion range (\) 
measured for various SWNTs. (A) Dis- 
tribution (7 = 19) of \ values deduced 
from elementary step amplitudes (see 
text. (B) Plot of A values as a function 
‘of SWNT diameter. 
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the chlorobenzenediazonium ion (or its diazotate 
dimeric product) is thought to first adsorb onto 
the surface of a nanotube, forming a charge 
transfer complex. The complex then ireversibly 
decomposes to form a covalent bond with the 
nanotube surface (9, 27). 

We presume that either of these nanotube 
perturbations can cause ellcient exciton non- 
radiative decay, A mechanism for lumineseence 
quenching by sidewall derivatization is suggested 
by scanning tunneling spectroscopy results on 
nanotubes covalently functionalized with amido 
groups, obtained with 10-nm resolution, The 
semiconducting energy gap was locally filled at 
the derivatization site (22), Excitons encounter- 
ing such electronic perturbations should undenzo 
efficient nonradiative recombination, 

For cach nanotube studied, repeatable values 
of Aare obtained at early stages of the reac: 
tion when only a few independent sites have 
‘boon derivatized within the observed diflraction- 
limited segment, We found that values matched! 
for separate segments in a single nanotube (Fig. 
3.\10C). As forthe minor variations in intensity 
Sep heights found at carly stages of the reaction, 
‘we attribute these 10 the finite length of the 
diffraction-timited segment, because quenching 
events near the edge of the region produce 
smaller steps, Several simultaneous steps some= 
times occurred within a sing! 
3, Nand B). This behavior probably results from 
nonuniform dilution of reactants in the subini- 
crometer pores of the agarose gels, exposing the 
nanotube segments 10 large local concentration 
fluctuations. 

Normalizing 4 by the initial luminescence 
imensity / gives a ratio representing the proba- 
bility that a mobile exciton within the nanotube 
segment encounters a chemical reaction site 
during its lifetime. This probability also repre- 
sents the fraction of the nanotube length explored 
by an exciton, The average exciton excursion 
range A is therefore simply given by (A/7) » L, 
‘where is the observed segment length, For L 
670 nm, we measured A values for 19 different 
highly luminescent SWNTS. The resulting dis- 
tribution is strikingly narrow, with a mean vale 
of 91 nm (Fig. 4). The small dispersion found 
for A. values suggests that A does not depend 
strongly on nanotube structure. We plotted A 
values measured for 11 different (ngm) species 
(23) as a function of SWNT diameter (Fig. 4B) 
and found no systematic variation of exciton ex- 
cursion range with diameter (for the range 
studied, 0.7 to 1.1 nm) or with chiral angle 

‘As mentioned above, our determination of A 
assumes that the local perturbation induced by a 
reaction sufficiently modifies the electroni 
sructure of these bright tubes (22) 10 completely 
‘quench excitons at that site. If this quenching 
probability P is in fact less than 1, then A would 
be given by 90 nm/P (but could not execed 670 
nm), However, several observations support the 
estimate of P 
nanotube structure, the normalized initial step 
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amplitudes are consistent for acid quenching and 
diazonium salt quenching, and Auger quenching 
‘of excitons is known to be efficient 

Is the exciton motion ballistic or diffusional? 
For the bright emissive SWNTs studied here, we 
assume an exciton recombination lifetime t = 
100 ps, which is among the larger values 
reported from time-resolved spectroscopy (24, 25), 
[the motion is ballistic, then the exeiton’s kinetic 
‘energy would be given by 


Evan = 5 oca(*). a) 


where mcign isthe exciton effective mass. Using 
an estimated Mxejgq OF ~0. Lime (1. 26), we obtain 
Evie ~ 10" €V. This value is orders of mag- 
nitude lower than the 0.012 eV ("okqy7) expected 
from rapid thermalization induced by the exciton 
phonon coupling evident in SWNT spectroscopy 
(27). We conclude that the excitonic motion is 
instead diffusional, in agreement with a recent 
investigation on bulk samples (28). The come- 
‘sponding diffusion coeticient for the exciton one 
mensional random walk is then given as D 
Mt ~ 04 om? s 
luc lies more than two orders of mag- 
nitude below a prior tentative estimate that was 
indirvetly deduced fom transient absomtion 
‘experiments on ensembles of short SWNTS in 
annealed dried films (29). The exciton diffusion 
coefficient measured here for highly lumines- 
‘cont individual SWNTs may be used to interpret 
the~150 cm Lorentzian Tine widths observed 
in emission spectroscopy of room-temperature 
SWNTs (sce Figs. IB and 2B). These widths 
arise from dephasing that is Far more rapid (70 6) 
than the ~100-ps exciton population lifetime 
If dephasing instead occurs by diffusional 
hopping of the exciton along the tube axis, then 


the hopping step length chop can be estimated 
from the relation D = dap? /2ttap. WHETE Thap 
represents the interval between hops, identified as 
the 70+ dephasing time. This approach gives a 
hopping step kength of ~2 nm, which closely 
matches theoretical estimates of the exciton size 
CES), We propose that the emission linewidth 
may originate from thermally assisted short-range 
‘hopping of excitons along the nanotube axis. At 
cryogenic temperatures, suppression of this hop- 
ping would then remove the major source of fine 
‘broadening and would account for markedly nar- 
rower spectral features (30), 

Ietlicient exciton quenching occurs not only 
at chemical derivatization sites but also at the 
ends of cut nanotubes, our value of the exciton 
iflusion range A naturally explains the strong 
reduction in PL reported for SWNT shorter than 
~100 nim (37). More generally, the measured df= 
fusion range implies that one exciton will visit 
~10* carbon atoms during is lifetime, Thus, PL 
‘becomes remarkably sensitive to certain sidewall 
‘eeetronic perturbations, which may include chem- 
ical derivatzations and defects introdvced during 
nanotube processing. PL may then prove useful 
for detecting local pl gradients in restricted en- 
Vitonments. such as. microfluidic channels or 
‘organelles inside biokagical cells 
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Seismic Evidence for Deep-Water 
Transportation in the Mantle 


Hitoshi Kawakatsu* and Shingo Watada 


‘We report seismic evidence for the transportation of water into the deep mantle in the subduction 
zone beneath northeastern Japan. Our data indicate that water is released from the hydrated oceanic 
‘rust at shallow depths (<100 kilometers) and then forms a channel of hydrated mantle material on 
top of the subducting plate that is the pathway for water into the deep mantle. Our result provides direct 
‘evidence that shows how water is transported from the ocean to the deep mantle in a cold subduction 


zone environment. 


fer in the mantle is expected to play 

W sential rokes in various notable prob- 
ms of geoxlymamics, such as the gen 
eration of are volcanism (J), lubrication of the 
subduction zone plate interface that may trigeer 
large earthquakes (2), and control of mantle rhe 
ology (3), How water is transported into the 
‘mantle, however, has not been clear, except that it 
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is generally believed that subducting hydrated 
‘oceanic crust is the major carter, preventing 
Earth scientists from accurately estimating the 
overall water circulation budget of the Earth 
system (4). 

Beneath northeastem Japan, the old Pacific 
plate is subducting along the Japan trench. Ow- 
ing parly to the favorable subduction geometry, 
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as well as the dense and well-maintained seismic 
network there. itis the most detai-studied sub- 
duction zane on the planet, and a number of 
discoveries of subduction processes have been 
‘made there. In recent years, these have ineluded 
the finding of a double seismic zone (5): detailed 
mapping of a low-velocity area in the mantle 
‘wedge that possibly comesponds to a path way of 
magmatic melt migration responsible for are 
volcanism (6-8 fingerlike distribution of active 
voleanoes (9, 10); anda transition from the 
trench-parallel to trench-nonnal seismic anisot- 
ropy (17). On the basis of these findings, we now 
have a much better understanding of the detailed 
mechanics of subduction. However, if we con- 
sider a subluction zone as a place of material 
consumption (subduction of the oceanic plate) 
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and production (generation of are volcanism), 
understanding of the essential clment--how 
‘water is transported into the mantle —is still not 
resolved. 

‘Water exists in oceanic enust as various hy- 
<drouss minerals. When the oceanic plate sabducts 
fat the trench, the hydrated crust caries water with 
it in the form of hydrous meta-basalt [e.. bhi 
schist (/2)} The presence of hydrous minerals in 
the oceanic erust reduces the seismic velocity to 
considerably less than the velocity of the sur- 
rounding mantle (/3, 14), and evidence for this 
has been detected in different subduction envi- 
ronments as a low-velocity layer near the top 
surface of the subducting plate (75, 16). Kis 
experimentally established that those hydrous 
minerals become unstable at pressure and temper- 
ature conditions characteristic of a shallow sub- 
‘duction zone (~SO-km depth) and are dehydrated 
to become anhydrous cclogitie oceanic crust 
This dehydration process is expected to occur at 
depths of ~$0 to ~150 km in a cold subduction 
‘environment such as exists beneath nomheast Ja- 
pan (/4. 17), and expelled fice water should 
ove direetly upward duc to buoyancy into the 
mantle wedge. Because the presence of water 
substantially lowers the melting temperature of 
the mantle peridoit, itis generally betioved that 
this water eventually triggers the mantle melting 
to generate island are voleanism (2). What is not 
resolved is how and where this process occurs in 
the mantle wedge, 

On the basis of seismic tomography anda 
numerical simulation, Iwamori and Zhao (17) 
sugested that free water in the mantle wedge 
ietamomphoses (or hydrates) the mantle perido~ 
tite into, hydrous serpentinite, and the sempen- 
tinized mantle is dragged downward parallel to 
the direction of the slab subduction, forming a 
thin serpentinite layer along the wp surface of the 
ssubdlucting slab, The postulated sepentinite Layer 
may be the pathway by which substantial 
amounts of water are ransported into. the deep 
mantle (4). I is, however, difficult to resolve the 
existence of such a layer by seismic transmission 
tomography, owing to the low sensitivity ofthis 
method, The scattered seismic wavetield, by 
contrast, is sensitive to local velocity changes 
and thus has the potential to resolve thin layers. 

We reconsinicted such a scattered scismic 
Wave field 10 image the reflectivity profile be- 
neath northeast Japan (Fig. 1). We used the re- 
ceiver function (RF) technique (/8 20) ant 
obiained the data fiom the Japanese Hi-net 
seismic aay (2/) [see Supporting Online Ma- 
‘erial (SOM)]. The RF images (Fig. | and fig. S1) 
show clear images of the top part of the subxtuct- 
ing Pacific plate: The oceanic Moho is mapped 
continuously parallel to the upper plane of the 
double seismic zone (5) as positive RFs (red in 
the figure, representing the velocity inerease with 
depth). Above this feature, a strong velocity 
decrease (negative RFS, blue) due to the pres 
cence of the hydrous oceanic crust, is observed. 
The strength of the negative RFs is reduced 
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rastically at depths of $0 to 90 km (Fig. 2), 
where the hydrous minerals are expected to de- 
hydrate. The scisnic velocity of the hydrous 
foceanic crust is much slower than that of the 
surrounding mantle, whereas that of the anhy- 
<drous eclogitic crust is seismically indistinguish- 
able (/3). Thus, the deerce of dehydration would 
strongly control the reflectivity atthe top pat of 
the slab, and our images are in good agreement 
With existing models of the oceanic crust de- 
hydration (14, 17). We therefore conclude that 
this reduction of the RF amplitudes provides 
direct evidence for the dehydration of subducted 
‘oceanic crust at this depth rang. 

‘Ata depth of ~90 km, where strong negative 
RFs disappear, positive RFs emerge parallel to 
the dip of the subslucting plate (pink line in Fig. 
1B), Because the positive RF comresponding 10 
the oceanic Moho (red fine) continues 10 just 
‘below this feature, it cannot be the oceanic Mobo 
itself displaced upward due to the effect of some 
‘unmodeled structure. A pesitive RF is a signature 
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ofa velocity increase, and thus the observed! fea- 
ture indicates that the seismic velocity is slower 
above the top of the subucting plate. The simi- 
larity between our RF image and the numerical- 
ly predicted water content in the mantle wedge 
(Fig. 3A) allows us to interpret the image as 
follows (Fig, 3B): The dehydration of the oceanic 
‘rust causes its velocity 1 inerease, whereas the 
serpentinization of the mantle wedge peridotite 
by the expelled water causes the velocity there to 
doerease. AS this process continues to deep sub- 
duction, there is a depth at which the seismic 
velocity of serpentinized mantle wedge becomes 
Slower than that of the oceanic erust underneath; 
below this depth, both the top and bottom sid 
‘of the oceanic crust show a velocity inerease with 
depth and are imaged as positive RFs, as ob- 
served in Fig. 1A. The top part of the serpentin- 
ized low-velocity layer is not imaged in Fig. 1A, 
possibly reflecting a more gradual boundary due 
to the diffusive nature of the hydration dehydra- 
tion process (22), 
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Fig. 1. The reflectivity profile beneath northeast Japan. (A) Reflectivities given by RFs are measures of 
local S-vave velocity jumps, because a P-to-S seismic wave conversion is sensitive to the S-wave velocity, 
‘change. Red and blue colors correspond to velocity increase and decrease with depth, respectively. The 
color scale is given in terms of an equivalent S-wave velocity change (in percent) at a first-order 
discontinuity. (B) Interpretation of the image is overlaid on top of the reflectivity profile in (A), The 
continental Moho is not imaged well because of the frequency range used for the analysis. (Inset) A map 
‘of northeast Japan. The redline delineates where the 100-km-wide cross section is made. Red triangles 
indicate volcanoes active in the past 10,000 years (Smithsonian Institution, Global Volcanism Program) 


‘and are also plotted on the top of the cross sections. 
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Fig. 2. Amplitude variation of the Reflectivity (>3s) 
‘imaged reflectivity peaks. Peak values 

ofthe reflectivities ofthe interpreted 

‘mages (along the red and blue lines. 20, 
in Fig, 18) of three sections (Fig. 1A 
and fig. S1, D and F) are shown as a 
function of depth. Open and closed 
symbols correspond to the red and 
blue images, respectively, in Fig. 1. 
The reflectivity values are given in 
terms of the equivalent S-wave veloc- 
ity increase. The amplitude (or mag- 
nitude) of the negative reflectivities 
decreases with depth, whereas that of 
the positive ones stays almost con- 
stant down to a depth of ~100 km 
and then becomes weak. A low 
velocity of ~13% is consistent with 
the existence of a fully hydrated 
‘oceanic crust (bluescist) (29), 


‘Amplitude (AVs%) 
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Fig. 3. Interpretation of the reflectivity profile in terms of the water transportation in the mantle 
‘wedge. (A) A numerical simulation of the water transportation beneath northeast Japan (4). Bright 
colors indicate a high concentration of water. The water in the hydrated oceanic crust [shallow (<50 
km) dipping red layer] is expelled to serpentinize the mantle wedge, which is dragged downward on 
top of the subducting plate to form a serpentinite layer (deeper dipping red layer). (B) A schematic 
model for the effect of crustal dehydration on the seismic velocity near the top of the subducting 
plate. Sefsmic-velocity profiles (black lines) perpendicular to the slab surface are given at different 
down-dip distances. Red and blue colors show the expected reflectivities in a manner similar to that 
for the reflectivity profile (Fig. 1). Light blue arrows indicate the dehydration process. The slab 
surface is rotated to become horizontal. 
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Theaccurate lative location of RF images to 
scismicity and tomographic images of the same 
region is essential for our interpretation, but 
the RF image (Fig. 1) does not allow such a 
direct comparison because the effect of the 
dipping interface dislocates the image, In- 
stead, we use a dip-corrected RF image (see 
SOM) for such a comparison (Fig. 4A), Two 
important observations may be made. First, 
most of the earthquakes in the upper plane of | 
the double seismic zone are located above or 
near the peak of the positive RFs, and thus 
‘occur in the oceanic crust (or near the oceanic 
Moho); second, the positive RFs interpreted as 
the bottom of the serpentinite layerare located 
substantially deeper than the strong low-velocity 
region in the mantle wedge, which apparently 
comesponds to the melt pathway for the are 
Vokeanism (8), and thus are unlikely to be directly 
related to this feature, 

The presence of a low-velocity layer near the 
top part of the subducting plate has been ob- 
served in some subsluction zones (15, 16, 23-25) 
and often interpreted as a subducted hydrated 
‘oceanic crust (13, 15). Our observation sheds 
‘new light on how we interpret those 
structures, Assuming that the amount of water 
oughly determines the scismic-velocity reduc- 
tion in both crust and mantle and that most ofthe 
expelled water sementinizes the mantle, the depth 
at which the top of the oceanic erust loses its 
illumination may roughly comespond to a depth 
at which about half of the water in the erust fs 
dehydrated [completion of blueschist dehy dra- 
tion (4), ~90-km depth). As the dehydration 
continues further, the oceanic Moho also loses its 
illumination (-125-km depth), indicating that 
‘most of the water in the eceanic erust is dehy 
dated. Below this depth, the bottom of the ser- 
pemtinite layer dominates the reflectivity profile 
until the depth at which serpentine itself becomes 
‘unstable, thereby releasing water upward to trig- 
xzer melting in the wedge (4) (130-10 150-km 
depth, Fig. 4). Ifthe temperature of this region is 
cold cnough, another hydrous mineral, phase. 
nay further bring water down to a depth greater 
than 300 km (4); this phase-A layer on the top of 
the slab should show a velocity profile similar to 
that of the sementinite layer in Fig, 3B, except 
that the signature is weaker afler the serpentine 
dchydration, Such a structure had been observed 
in the deeper portion (250-10 400-km depth) be- 
‘neath central Japan (23) as a sharp velocity in- 
crease at the top surface of the subducting slab. 
This feature was originally atibuted to the par- 
tial meking of the wedge mantle (23) and, more 
recently, 10 the low-velocity due to the oceanic 
crust (/5), In the context of the present work, we 
attribute it 10 the hydrated mantle wedge as 
continuation of the serpentinite layer, as sug- 
gested above. Furumura and Kennett (26) 1 
cently showed that the suggested persistent 
deep (100 t0.250 km) low-velocity crustal layer 
(25, 24) is not required from seismic waveform 
data beneath Japan, Indeed, a reflectivity profile 


comesponding 10 a velocity increase subparalle! 
10 the deep-slab seismicity is observed down to 
~400 kin, just above the 410-km discontinuity 
beneath central Japan (27). The schematic model 
(Fig. 4B) is qualitatively consistent with most of 
the seismic observations so far made beneath 
northeast and central Japan (15, 23, 26, 28) and 
may possibly explain the depth variation of the 
reflectivity at the slab surface (73). It brings many 
individual observations together ina single frame 
Work that is consistent with petrological (/) and 
geodynamical (4, 4, 17)anguments. Thus, our 
result provides convincing seismic evidence to 
delineate how water is transported into the deep 
mantle within the mantle wedge in a cold sub- 
duction environment. 

‘The amplitudes of the rellectivity profile of 
both sides of the oceanic erust at shallow depths 
(30 km) are lange anid consistent with the exis- 


tence of a fully hydrated oceanic enust (Fig. 2) 
that may contain ~6 weight % HO (4, 14). To 
produce the RF signature corresponding to the 
bottom ofthe sementinite layeras observed (Fig. 1), 
a large amount of the water expelled from the 
‘oceanic crust by dehydration must be used 10 
serpentinize the wedge mantle. Consequently, a 
‘substantial amount (several wt %) of water must 
bbe transported 10 depths of ~130 to 150 km 
through this channel. How much deeper and how 
much water is transported through this channel 
are important questions that must be answered to 
‘quantify the water circulation budget in the sub- 
duction zone, Waveform analyses of broadband 
data of reflected and converted waves at the top 
Of the slaty below ~150-km depth may provide 
answers to these questions, eventually allowing 
tus to estimate the overall water circulation budget 
in the Earth system (1), 
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Fig. 4. integrated seismic images beneath the Tohoku subduction zone and a schematic model for the 
‘water transportation (A) The dip-corrected reflectivity image of Fig. 1A is compared with the tomographic 
image (7) and the seismicity (magnitude larger than 3) reported by the Japan Meteorological Agency. The 
‘S-wave tomographic image above the subducting slab és given by contours with 3% velocity-change 
intervals. The thick solid contours give the average velocity. Thin contours in the mantle wedge correspond 
to the low-velocity regions, Plus signs indicate earthquakes. Red triangles are the same asin Fig. 1. (B) 


The pathway of water transportation postulated by Iwamori [(4); see also (30)] is schematically 
illustrated by light blue and red colors for nonmagmatic and magmatic paths, respectively. Negative 
percentages give the Svave velocities of fully hydrated oceanic crust relative to those of the slab- 
mantle estimated by Hacker and Abers (29) (also given are the names of the stable crustal rock facies, 
‘and wt % HO in parentheses). The plate boundaries of the subducting slab are shown schematically 
as blue lines. Earthquakes and contours of the low-velocity region in the mantle wedge of Fig. 4A are 


also shown, 
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Benioff Zones 


‘Michael R. Brudzinski,** Clifford H. Thurber,” Bradley R. Hacker,? E. Robert Engdahl* 


Double Benioff zones provide opportunities for insight into seismogenesis because the 
underlying mechanism must explain two layers of deep earthquakes and the separation between 
them. We characterize layer separation inside subducting plates with a coordinate rotation to 
calculate the slab-normal distribution of earthquakes. Benchmark tests on well-established 
‘examples confirm that layer separation is accurately quantified with global seismicity catalogs 
alone. Global analysis reveals double Benioff zones in 30 segments, including all 16 subduction 


zones investigated, with varying subducting plate ages and stress orientations, whic! 


plies 


that they are inherent in subducting plates. Layer separation increases with age and is more 
consistent with dehydration of antigorite than chlorite. 


espite the passage of nearly 30 years 
Dots sere oat 
‘gonwes (DBZS) (J). the nature of these 
parallel planes of seismicity in a subducting 
plate remains enigmatic (2-5), Benioff zones 
represent internal deformation of actively sink- 
ing lithosphere as inclined zones of seismicity 
connecting shallow 
with earthqu 
anism for 


need to overcome high confining pressure that 
‘would otherwise prohibit the sudden release of 
strain as earthquakes [¢.g.. (6)]. The existence 
‘of DBZs presents an important opportunity for 
gaining insight ino earthquakes at interme- 
diate depths of 70 to 300 km, because a hypoth- 
esis for such seismogenesis must explain the 
presence of the two layers and the separation 
between them, In general terms, earthquakes 
require two conditions: the presence of sulli- 
cient deviatoric stress to generate shear defor 
mation and an adequate mechanism to store 
sand release strain ina seismogenic way, Proposed 
mechanisms for triggering intermediate-<epth 
scismogenesis that may account for DBZs 
center around dehydration of hydrothermally 
altered oceanic lithosphere, with a variety of hy 
dated rocks being suggested as contributors (€. 
serpentine, chlorite, and gabbeo) (5, 7-13). 
Likewise, several mechanisms have been pro- 
posed fo explain the stress conditions in DB, 
including unbending of the slab [e.z.. (14, 15)]. 
thermoclastic stress [e.2.. (16)]. and say 
the plate fee, (/7)]. An open ques 
would provide a key constraint on models for 
seismogenesis is: Are DBZs common in sub- 
duction zones globally as a result of a ubiquitous 
mechanism, or are they rare because of special 
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conditions present in only a few situations? 
This study provides a preliminary answer 10 
this question: DBZs are relatively widespread, 
DBZs have been most successfully charac- 
terized in regions where local seismic networks 
provide adequate coverage 10 yield relatively 
igh-precision earthquake hypocenters (/8-23), 
We ean use such locally “calibrated” DBZs 10 
test the ability of global seismicity catalogs to 
identify the presence of DBZs and estimate the 
layer separation, Despite increased location 
scatter in global catalogs compared with local- 
network catalogs, a benchmark test described 
below indicates that global catalogs are suf- 
ficient for characterizing DBZs. In this stud 
Wwe investigated (i) whether DBZs are preva- 
Jent globally and (ii) potential relationships 
between DBZ layer separation and subducting- 
plate properties, with special attention to ther= 
imal parameters (Fig. 1). The overall prevalence 
and regularity of DBZs on a global basis will 


ca 


characterize the conditions at dept, both seismic 
and petrologic, that reveal how a plate evolves 
afier subduction, 

We have developed a straightforward meth- 
‘od for determining the separation between 
layers of a DBZ that can also assess the exis- 
tence of a DBZ. This technique determines the 
distribution of events in the slab-normal di 
rection for a given slab segment such that 
seismic layers appear as peaks in earthquake 
histograms. We use the dip test to establish 
whether the distribution is multimodal (24); 
if itis, we calculate the separation between 
modes and the associated uncertainty using a 
multiple Gaussian fit (25), Further details on 
data and analysis are in the Supporting Online 
Material 

‘To evaluate the perfomance of our method! 
for determining DBZ separation with the slab- 
normal distribution, we applied the technique to 
what is anguably the best-characterized DBZ 
nhomtheastem Japan-—using hypocenters relocated 
with the advanced double-diflerence tomography 
method and focal network data (79), tn this ease, 
DBZ. separation was easily seen before coondi- 
nate rotation duc to high-precision event locations 
(Fig, 2A top pane), and it has been established to 
be ~30 km (/. 19), Afler rotation of the events 
into down-tip and slab-normal directions (Fig. 
2A, bottom), we found that the distribution is 
bimodal at >99.99% confidence level (P? 
10,0001) and that the peak-to-peak separation is 
31 km. 

Having established that the technique ean 
reproduce a DBZ. spacing with precisely located 
events, we compared results for northeastem 
Japan using the global hypocentral catalogs of | 
Engdahl er af, (EMB) (26, 27, and subsequent 
‘upsites) and the Preliminary Determination of 


we 


Fig. 1. Subduction-zone segments analyzed, with color scale illustrating seafloor age (28) belore being 
consumed at trenches (barbed lines). Black circles indicate areas with 2 multimodal distribution of 
‘events in the stab-normal direction (pink circles indicate cases with confidence < 95%), demonstrating 


that DBZs are globally prevalent. 


waww.sciencemag.org 


Fig. 2. Analysis of DBZ 
separation using slab- 
normal distributions. 
(A) Results for north- 
‘eastern Japan using re 
located, local-network 
hypocenters (19). Top 
panel shows events 
(crosses) in typical ros 
section view (gray areas 
Not analyzed, and bottom 
panel shows events after 
rotation into down-dip 
and slab-normal_ loca- 
tions. This provides the 
benchmark for compar- 
‘ison with results using 
global hypocentral cat 
logs of (B) EHB (26, 27) 
and (© POE, Similar est- 
mates of DBZ separation 
among the three data sets 
at several other subdue 
tion zones confirm that 
global catalogs are sut- 
ficient to characterize 
DBZ. (D) Histograms 
showing slab-normal. dir 
‘vibutin of EHB event for 
all segments analyzed, 
sorted by subductng plate 
‘age. DBZ separation is 
estimated by multiple 
Gaussian fits shown in 


‘green, and dashed linear best fit hightights a significant increase with age. 


Epicenters (PDE). The catalogs are constructed 
‘only from hypocenters determined using glob- 
ally reported arrival times and do not inchate 
hypocenter solutions from dense local net- 
Works, In these eases, the DBZ separation is 
more difficult to see in a typical cross-sectional 
View because of the inereased scatter in event 
location and depth, presumably due to the 
increased eflects of subduction zone lateral 
heterogeneity on global arrival-time data com- 
bined with arrival-time pick inaccuracy (Fig. 
2, Band C, top), Nevertheless, the slab-normal 
istibution after coordinate rotation shows 
{wo prominent peaks (Fig. 2, 5 
tom), the dip test for multimodality is easily 
satisfied (P< 0.01), and the separations be- 
‘ween the Gaussian peak fits are 30 km for 
ENB and 29 km for PDE, 

Comparing the EHB catalog and other 


excellent agreement for the DBZ separation 
(U8, 20, 21, 23). For example, in the case of 
New Zealand (22), we determined the slab- 
normal distribution of EHB and local catalog 
data, finding DBZ separations of 21 km for 
seach, With the successfill benchmark tests in 
hand, our method allows a new global investi- 
gation of DBZ prevalence and pattems in the 
DBZ separation. We investigated 16 diferent sub- 
duction zones (Alaska, Aleutians, Central Amer= 


waww.sciencemag.orq 


Philippines, Ryukyu, Sumatra, Sunda, and Tonga) 
that account for a range of subducting plate ages 
[-10 to 160 mille years (My)] (Fig. 1) 8) and 
shi dips (-0 wo 70°) (able S1). 


REPO! 


After constructing histograms for the slab- 
nonnal distribution of events in the EHB catalog, 


for cach region (Fig. 2D), we found 30 different 
segments that have a bimodal or trimodal dis- 
tribution that fulfills the dip test for multimodality 
(able SI), When the results for slab-nomal dis- 
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tribution of events are sorted by age of sub- 
ducting plate (Fig. 2D), the DBZ. separation 
reveals a significant increase with plate aze, from 
~8 ki for a ~12-My-old slab up to ~30 km for a 
~160-My-old slab, A linear estimate for the DBZ 
separation versus age relationship is~0.14 km My, 
‘but the data can also be fit with a log-linear 
relationship, 

Every subduction zone studied has at least 
‘one segment with a DBZ (Fig. 1), suggesting 
that DBZs are ubiquitous features. However, 
‘our method was not able to identily a DBZ in 
every section of every subduction zone, This 
is mainly due to difficulties constructin 
sections in areas with less. seismi 
wider cross sections raise problems with 
trench curvature or changes in slab dip. Two 
clear cross sections that did not meet the dip 
test for multimodality in Kurile-Kamehatka 
and Eastem Aleutians have been reported as 
transitions from a DBZ to a single Benioff 
‘zone, interpreted as situations where stresses 
are reduced (4, 29), Moving from northeast 10 
southwest in Kurile-Kamehatka, the decreas- 
ing compressive stress transmitted from greater 
depth is thought to control changes from sin- 
ile compressive zone to DBZ to single exten- 
sive zone, 

Further evidence for the variable stress re- 
‘gime in DBZs globally can be seen in a survey 
‘of reported focal mechanisms (table SI), with 
several DBZ showing pattems different from 
the conventional compressive upper layer and 
extensive lower layer (/) (Fig. 3), This places 
new constraints on models for the souree of stress 
in DBZs, which leads us to question the viability 
‘of each of the propose! models (thermoeksstic, 
slab unbending, and sagging plate), which may 
have difficulty generating sufficient levels of 
stress for the wide range of slab temperatures, 
‘configurations, and focal mechanisms. The sys- 
tematic variation in layer separation with plate 
ae despite variations in stress orientations also 
suggests that the trend in layer separations is 
not controlled by intraplate stresses. Instead, 
the discovery of DBZs over a wide range of 
ages and focal mechanisms indicates that the 
conditions for seismogenesis can be met in two 
separate layers within plates at intermediate 
depths regardless of the slab thermal state and 
stress orientation. Thus, the triggering mecha- 
nism does not result from an unusual set of cir- 
‘cumstances, but must be common in subxluction 
‘ones, 

‘The triggering mechanism for DBZs has 
typically been interpreted as due to the thermal- 
Petrological evolution of the subducting plate [e., 
(9)]. One proposed mechanism for intermediate- 
depth seismogenesis that may account for DBZs 
is the breakdown of hydrous phases to produce a 
fie fhuid-—and therefore zero elfoctive pressure 
allowing brite faulting (c.g, 7. 13, 30, 31)(32). 
A variety of hydrous minerals have been sug- 
gested as contributors, with metamorphosed 
basalt near the top of the plate being the pri- 
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mary candidate for the upper zone of seismicity 
(5, 9-1, 19), Recently, the upper zone bencath 
orthem Japan has been proposed to consist 
of two thin layers of scismicity with different 
focal mechanisms separated by a few kilome- 
ters (33). Although the global database used 
here is likely insufficient to see such a tiple 
seismic zone, there are afew segments in this 
study (ic, J1, TH, and T2) where a trimodal 
solution with a small separation between peaks 
in the upper layer provides a better fit than a 
‘bimodal solution. 

Potrologic candidates that might explain the 
lower zone of DBZ. scismicity as the result of 
dehydration include antigonite (/2) and chlorite 
(9) in hydrous peridotite (34). The chlorite- 
dehydration reaction occurs at higher temper 
atures of 700 10 800°C (deeper within the plate 
0 the dipping seismic zone associated with this 
reaction would occur up to 10 km below that 
associated with antigorite dehydration at 600 to 
650°C, generating a larger DBZ separation (9. 
Given this difference between the two dehydra- 
tion reactions, we compared the results for DBZ 
separation versus subducting plate age found in 
this study with separations predicted for the 
dehydration of antigorite and chlorite based on 
the thermal-petrological models of Hacker et a 
(9) (Fig. 3). Antigorite dehydration is consistent 
With all the observed DBZ separations, whereas 
chlorite dchydration can explain only a few 
ceases. Given the variation of stress orientations, 
in DBZs of our study areas, the lack of larger 
‘separations that would indicate chlorite dehy- 
ration is not due to stress limitations. This 
implies that the lower zone of earthquakes at 
intermediate depths is most likely associated 
With fuid released from antigorite breakdown 
Given that serpentinized peridotite can store 
several times more water than chlorite-bearing 
peridotite (), the amount of fluid released may 
bbe a key factor in generating earthquakes, 
which could be used to evaluate the seismo- 
xzenic potential of other dehydration reactions 
[or perhaps phase changes that result in fluid 
like material (35)). 

Reganiless of whether our inference about 
antigorite breakdown is comect, our finding 
that DBZs are found in all subduction zones 
Worldwide requires that any triggering mecha- 
nism to explain DBZ seismicity (and hence 
imtermediate-depth earthquakes in general) 
must be present in all subduction zones rezard- 
less of plate age, convergence rate, or stress 
orientation. 
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A Meta-Analysis of Effects of Bt Cotton 
and Maize on Nontarget Invertebrates 


‘Michelle Marvier,2* Chanel McCreedy,” James Regetz,” Peter Kareiva®? 


‘Although scores of experiments have examined the ecological consequences of transgenic Bacillus 
thuringiensis (Bt) crops, debates continue regarding the nontarget impacts of this technology. 
Quantitative reviews of existing studies are crucial for better gauging risks and improving future 
risk assessments, To encourage evidence-based risk analyses, we constructed a searchable 
database for nontarget effects of Bt crops. A meta-analysis of 42 field experiments indicates that 
nontarget invertebrates are generally more abundant in Bt cotton and Bt maize fields than in 
nontransgenic fields managed with insecticides. However, in comparison with insecticide-free 
‘control fields, certain nontarget taxa are less abundant in Bt fields. 


fof genetically modified (GM) crops 
‘continues unabated (5). One reason for 
the unrelenting controversy is that disagree 
iments about new technologies often have Tittle 
to do with scientific uncertainty but instead arise 
from differing personal values and differing Lev= 
cls of trust in public institutions (6, 7) However, 
in the case of GM crops, scientific analyses have 
also been deficient (4). In particular, many ex- 
Periments used to test the environmental safety 
of GM erops were poorly replicated, were of 
short duration, and/or assessed only a few of 
the possible response variables (8). Much 
could be leamed and pethaps some debates 
sete if there were credible quantitative analyses 
‘of the numerous experiments that have con 
trasted the ecological impact of GM erops with 
those of control treatments involving non-GM 
Vatieties 
Here, we describe a metacanalysis of fickl 
studies involving Bacillus thuringiensis (Bt) 
‘etops, which represent the predominant mod- 
ification entailing the novel production of pes 
ticidal substances (Cry proteins) in crop plants, 
The incorporation of bacterial-derived ery genes 
into plants means that a wide variety of species 
are exposed, on a relatively continuots basis, 10 
pesticidal Cry proteins. We restricted our analy- 
s¢s to lepidopteran-resistant cotton expressing. 
Cry Ac protein, lepidopteran-resistant maize 
ing CryIAb protein, and coleopteran- 
resistant maize expressing Cry3Bb prot 
because the aggregate coll 
periments assessing these Bt crops is lange 
‘enough to draw some compelling conclusions 
WU), 
The standard approach to assessing non- 
target effects entails measurements. of abun- 
dance, survival, or growth of nontarget species 


P*: debate regarding risks and benefits 
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when exposed to a GM variety versus when 
exposed to the sme or similar variety lack 
ing the genetic modification, We focused 
field studies, and the response variable we 
analyzed is the abundance of nontarget inver- 
tebrates, sampled in a variety of ways, For 
each experiment, we recorded many attributes, 
including locations, durations, plot sizes. and 
‘sample sizes (/2) (table S2), Experiments re- 
licd on two different types of control treat- 
ments, each reflecting a different philosophy 
Cf risk assessment; (i) controls entailing non- 
GM varieties grown under identical condi 
tions but treated with insecticides and ( 
controls entailing non-GM. varieties. grown 
under identical conditions and with no 
seeticides applied. A third type of 
parison, in which both Bt and control plants 
Were treated with insecticides, was oceasion- 
ally used. 

We report a weighted mean effect size, 
Hedges’ d, calculated as the differen 
‘between the means of the Bt and the control 
treatments divided by the pooled standand 
deviation and weighted by the reciprocal of 
‘sampling variance. Negative values indicate 
lower abundance (whereas positive values 
indicate higher abundance) in Bt plots com 
pared with abundance in control plots. 

The mean abundance of all nontarge 
Vertebrate groups lumped together is sign 
ly reduced in Cry1Ac cotton ficlds compared 
With mean abundance in non-GM, insecticide 
fice fields [Fig. IA. white bars: 95% cont 
dence intervals (C1) do not overlap with d = 0), 
However, the abundance of nontarget inverte- 
brates is significantly higher in Bt cotton 
compared with that of control fiekls sprayed 
with insecticides (Fig. 1A, hatched bars) 
There was no significant difference in the abyun- 
dance of nontarget invertebrates for studies 
where both the Bt and the control fields were 
cated with insecticides (Fig. 1A: gray bars). 
‘Thus, the different types of experimental com- 
parison revealed significantly different ef 
fects of BL crops (Fig. 1A. left: between-groups 
heterogeneity (Q,) = 49.96: degrees of free- 
dom (df) = 2: P< 0.001], Results were qual- 
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itatively similar when analyses we 
to the related transgenic events MO! 
MON7S7 (Fig. 1A, right), 

For all Cry1Ab maize events, the overall 
mean abundance of nontarget invertebrates 
\was significantly lower in Bt compared with 
that in control fields that lacked insecticide 
applications (Fig. 1B; lefimost white bar). How- 
ever, the mean abundance of nontarget in- 
vertebrates was greater in Cry Ab maize than 
in non-GM maize sprayed with pyrethroid 
insecticides (Fig. 1B; lefimost hatched bar) 
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Fig. 1. Meta-analysis of field studies assessing 
abundance of nontarget invertebrate species for 
{A) lepidopteran-resistant Cry1Ac cotton, (B) 
lepidopteran-resistant Cry1Ab maize, and (C) 
coleopteran-resistant Cry3Bb maize. Effect size is 
Hedges’ d, and error bars represent bias-corrected 
95% Cl. Values below each bar indicate the 
number of different papers or reports and, in 
parentheses, the number of ines of data summa 
tized (each line of data represents a comparison of 
a group's average abundance in a Bt versus control 
treatment). White bars compare the abundance of 
rnontarget invertebrates in Bt and non-GM vari- 
tes, without insecticide applications. Gray bars 
compare the abundance of nontarget invertebrates 
jn Bt and non-GM varieties, both treated with 
insecticides. Hatched bars compare the abundance 
of nontarget invertebrates in insecticide-free Bt 
varieties versus non-GM varieties managed with 
applications of (A)] any chemical insecticide and 
UB) and ()) pyrethroids. 
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Effects measured by using these two different 
types of control treatments differed signifi 
cantly (c.z., Fig. 1B, left pair of bars; Oy, 

19.36; df = 


restricted 10 single transgenic events, 
MONS10, effect sizes measured using con- 
trols with versus without insecticides didnot 
significantly differ (Fig. 1B, middle bars: Qy = 
0.71; df = 2; P= 0.39), For BII76, the two 
control types. yielded significantly different 
celieets (Fig, 1B, right bars: Qy = 941: df= 
P= 0.012) but there was no significant re- 
duction in abundance observed with the 
insecticide-free controls (white bar, 95% CL 
overlaps with d = 0) 

For Cry3Bb maize, the mean abundance of 
nontanget invertebrates was not significantly 
different in Bt fields compared to abundance 
in non-GM maize either with or without pyre- 
throid applications (Pig. 1C: for the left pair of 
bars, Q, * 0.37 and P= 0.51). This same pat- 
tem held when analyses were restricted to event 
MONS63, 

‘The general indication of our analyses is 
that if agriculture with insecticide applica- 
tions is the standard of comparison and if 
adoption of Bt crops truly reduces insecticide 


Aliematively, if the comparison is made to 
farming systems without insecticides, some 
hontarget groups are significantly less abun- 


dant in Bethan in control fields (Fig. 2). Not 
surprisingly, the mean abundance of nontar- 
get lepidopterans is significantly reduced in 
CrylAc cotton (Fig. 2A), which targets re- 
lated lepidopteran pests. There were insult 
cient data to test this question in CryLAb 
maize, However, the mean abundance ofnon- 
target coleopterans does not appear to be re~ 
duced in coleopteran-resistant Cry3Bb maize 
(Fig, 20), 
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in (A) CrylAc cotton (Qp = 12.41; df = 5; P= 0.014), (B) CrylAb maize 06) 879 425 S18) 
(Oy . P = 0.012), and (C) Gry3Bb maize (0, oe 
6; P = 0.146), Control treatments are restricted to non-GM varieties = oz 
without insecticide application. Orders are those for which data were 2 9 
derived from 2 minimum of three distinct reports or publications. Effect J oz 


size is Hedges' d, and error bars represent bias-corrected 95% CI. Values * 94 
above each bar indicate the number of different papers or reports and, in 
parentheses, the number of lines of data summarized. An asterisk 
indicates that the 95% Cl does not overlap with 0. 


Colcopterans and hemipterans appear to 
bbe slightly less common in Cry Ac cotton than 
non-GM, insecticide-free cotton (Fig. 2A), 
Although these groups both include a wide 
variety of functional groups (herbivores, pred 
‘ators, detritivores, etc.), we found no indica- 
tion that some functional groups exhibit 
stronger effect sizes than others [sce Sup- 
porting Online Material (SOM) text for ad- 
ditional details}. Lastly, 
less common on average in C 
maize compared with hymenopterans in non- 
GM, insecticide-free controls (Fig. 2, B and 
C, respectively). For the Cry1 Ab comparison, 
data on hymenopterans mostly comprised 
parasitic wasps of the braconidac and ichneu- 
monidae. For Cry3Bb maize, data included 
parasitic wasps and ants. It is unclear whether 
the reduced abundance of these groups (co- 
Icopterans, bemipterans, and hymenopterans) 
is due to direct toxicity of is a response to 
reduced availability of prey in Bt crops. A 
significant reduction of collembolans in 
CryIAb maize is based on too few observa 
tions to be credible at this point (Fig. 2B). 

‘To investigate the sensitivity of our findings 
to how we designed our comparisons, we per 

ormed additional analyses with use of several 
diflerent subsets of experimental comparisons as 
the foundation (/2). For example, we used only 
studies in peer-reviewed journals or only studies, 
that identified invertebrate taxa to at Keast the 
Jevel of family. With only minor exceptions, 
results using these ahemative queries were 
qualitatively similar to those reported here 
(SOM tex), 

‘To facilitate additional syntheses, we have 
created a publicly accessible, searchable data- 
bbase. detailing methods and results of lab 
and field studies examining nontanget inver- 
Aebrates and Bt crops. ¢http:/‘delphisnceas. 
uesb.edu/btcrops/). While assembling. this 
database, we found numerous studies that did 


‘not report measures of Variance 10 accompany 
treatment means (40% of 64 reports of field 
studics), did not clearly present the sample 
size (20%), or improperly used subsamples to 
calculate measures of variance (22%), By cor- 
responding with authors, we were offen able 
to resolve these issues. If regulatory agencies 
‘Were to require researchers to enter details re- 
garding their study methods and results into 
it would be easy t0 spot 
‘omitted information and postpone approval of 
pesticidal crops until complete records: were 


Gur analyses provide some support to the 
claim that GM plants can reduce environmentally 
undesirable aspects of agriculture, particularly 
the montarget impacts of insecticides, However, 
‘we examined only one type of genetic modifi 
tion, and most of the underlying studies entailed 
controlled field experiments with small. spatial 
seaks as opposed 10 actual firming systems, 
‘where continued insecticide use sometimes o- 
cus with Bt crops, Secondly, the conclusion that 
adoption of Bt cotion or maize may entail eco- 
Jogical benefits assumes a baseline condition of 
insecticide applications, In realty, both types of 
control treatment reflect farming. practices: in 
2008, insecticides were applied 10 23% of maize 
acreage cultivated in 19 states surveyed by the 
USS, Department of Agriculture (USDA) (13), 
Moreover, the vast majority of Bt maize acreage 
comprises varieties used for silage or processed 
foods (e.g.. cor syrup) for which insecticide 
‘use has typically been limited. Insecticides are 
more commonly used in cotton production, 
‘with 71% of surveyed cotton acreage treated in 
2005 (13). 

Studies such as those synthesized here in- 
vestigate whether changes in. invertebrate 
abundance are statistically significant, Where- 
as the lick of a difference is generally con- 
sidered a signal of environmental safety, it is 
harder to interpret whether statistically sig~ 
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nificant differences in abundance translate 
into ecologically important changes. Regard- 
less of one’s philosophical perspective on risk 
assessment for GM crops, enough experimen- 
tal data has accumulated to drawing 
empirically bused conclusions, as opposed 10 
arguing on the basis of anecdote or hand- 
picked examples. 
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An Ancient Mechanism Controls 
the Development of Cells with a 
Rooting Function in Land Plants 


Benoit Menand,’ Keke Yi," Stefan Jouannic,”* Laurent Hoffmann,*t Eoin Ryan,” 


Paul Linstead,® 


idier G. Schaefer,*t Liam Dolan*s 


Root hairs and thizoids are cells with rooting functions in land plants. We describe 
two basic helix-loop-helix transcription factors that control root hair development in the 
sporophyte (2n) of the angiosperm Arabidopsis thaliana and rhizoid development in the 
‘gametophytes (n) of the bryophyte Physcomitrella potens. The phylogeny of land plants 
supports the hypothesis that early land plants were bryophyte-like and possessed a dominant 
‘gametophyte and later the sporophyte rose to dominance. Mf this hypothesis is correct, 

‘our data suggest that the increase in morphological complexity of the sporophyte body in the 
Paleozoic resulted at least in part from the recruitment of regulatory genes from gametophyte 


to sporophyte, 


ie invasion of land by plants in the 
| Paleozoic was accompanied by marked 
1es in plant structure and life cycle 

and resulted in diversification of terrestrial 
ecosystems and pronounced climate change 
(3), One of the most important transforma- 
tions that occurred during the first 100 million 
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years after plants colonized the land was the 
rise to dominance of the diploid phase (sporo- 
phyte) of the life cycle (the land-plant life cycle 
comprises independent haploid. and diploid 
‘onganisms). The phylogenetic relationship among 
green algae and land plants suggests that the 
haploid phase (gametophyte) was morpho- 
logically more complex than the smaller dip- 
loid phase (sporophyte) in the earliest land 
plants (4), This changed over a period of ~100 
million years to a situation in which the dip- 
loid phase became larger and more morpho- 
logically complex (4). This rise to dominance 
Cf the diploid phase of the life cycle was accom 
panied by an enormous increase in morpho- 
logical diversity evident in Devonian floras 
and has persisted to the present day, when the 
ind floras are largely dominated by diploid 
plants (3). To date, we have little understand- 
ing of the genetic basis of such a metamor- 
‘Phosis ofthe land plant body. The characterization 
of the function of regulatory genes such as 
LEAFY (LFY) in both bryophytes and angio- 
‘sperms suggests that the increase in sporophyte 
diversity was brought about through the 
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modification of the activities of sporophyte- 
fe genes with sporophyte-specific func 
tions (5), Here we show that genes that 
specifically promote the development of root 
hairs in diploid sporophytes of angiosperms 
also control the development of ells with 
similar functions in the haploid gametophytes 
of masses, This suggests that genes with 
metophyte functions in ancestral land plants 
‘were recruited to function in the sporophyte 
during the metamorphosis of the land plant 
body 

Root hairs are highly polarized cells that 
increase the surface area of the plant that is in 
contact with the growth substrate, They play 
important roles in nutrient acquisition and 
anchorage in those land plants that have roots 
(6. 7). The Arabidopsis thaliana root epidermis 
is organized in alternate rows of hait-forming 
cells (HI cells) that produce a tip-growing pro- 
tuberance (root halts) and rows of non-hait 
cells (N cells) that remain hairless, ARHDS 
(ROOT HAIR DEFECTIVE 6) positively rey 
lates the development of 1 cells-Amhd6 mu 
tants develop few root hairs (Fig. 1A) (8), We 
cloned AMRHDO using an enhancer trap line 
Uirhd6-2) in which the GUS reporter gene is 
expressed in H cells but not in N cells (F 
C and D, and fig. SI), AIRHDO encodes the 
basic-helis-loop-helix. (bHILH) transcription 
factor Atl 266470 (9, The identif 
another independent allele (Airhd6-3) with a 
similar phenotype and the complementation of 
the Airhd6-3 mutation with a whole gene 
4:RHD6p:°GFP:AIRHD6 translational fusion 
‘with the GREEN FLUORESCENT PROTEIN 
(GFP) confirmed that the defect in root hair 
development observed in this mutant is due to 
mutation of A1/g66470 (Fig. 1A). This com- 
plementing A:RHD6p::GFP:A:RHDO. fasion 
indicates that AtRHD6 protein accumula 
in H-cell nuclei in the meristem and elonga- 
tion zones (Fig. 1B) but disappears before the 
emengence of the root hair (data not shown). 
‘The spatial pattem of N cells and H cells in 
the 4. thaliana root epidermis is controlled by 
a transcriptional network including the po 
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tive regulator of H-cell identity CPC and the 
tive regulators of H-cell identity IER, 
TTG, and GL2 (10). To determine if ARHD6 
lated by these 
activity of the Atrhd6-2 enhancer 
trap in diferent mutant backgrounds, While 
the Atrhd6-2 enhancer trap expresses GUS in 
cells in the H position, this expression spreads 
to the cells in the N position in the wer, tg, 
and g/2 mutant backgrounds, indicating that 
WER, TTG, and GL2 negatively regulate tran- 
N Fig 
1D), No expression was observed in the ep 
‘mutant, indicating that CPC positively regulates 
AIRHDB expression (Fig. 1D). Thus, d¢RHD6 
controls the development of root hair cells and 
acts downstream of the genes involved in epi- 
«dermal pattem formation. 

AMIRHDG is a member of subfamily Vile 
‘of BIILH transcription factors that comprises 
five other members (9, 11), One of these genes, 

7800, hereatier named RHD SINCLIKEL 
is very similar to ARDS, suggesting 
that these two genes derive from a relatively 
recent duplication event (9). This suggests that 
AIRHDO and AIRSLI might have redundant 
functions. To determine if A¢RSLI is also re 
qw development, we identified 
line (Airsi/-1) carrying a complete loss-of- 
function mutation in the AVRSL/ gene and 
created the Adrhd6-3 Atrsll-1 double mutant 
SI), Because no new phenotypes: were 
‘observed When these mutants were grown in 
‘ourstandard growth conditions, we grew them 
‘on the surface of cellophane disks, where small 
numbers of tot hairs develop in the Airhd6-3 
single mutant (Fig. 2A). Plants homozygous 
for the Ausl/-1 mutation had wild-type root 
hair morphology when grown on cellophane 
disks (Fig. 2A), However. the Airhd6-3 
Anstl-1 double mutant did not develop root 
hairs, indicating that ¢RHD6 and APRSL/ have 
partially redundant functions in root hair de~ 
velopment (Fig. 2A). Aarhd6=$ Atrsll-1 double- 
mutant plants eanying the genomic construct 


URSLIp::GFP-AIRSLI displayed the MRbd6- 


3-mutant phenotype, confirming that the ex- 
treme hairless phenotype of the Atrhd6-3 
Airsl1-1 double mutant is the result of a loss 
‘of funtion of both AURHD6 and APRSLI venes 
(Fig. 2A), The complementing GFP::AtRSLI 
fusion protein accumulates in hair cell nuclei in 
the meristem and elongation zones, indicating 
that AARHDB and ACRSLI have similar expres 
sion patterns (Fig, 2B). These data indicate that 
AIRSLI and AIRHDE act together to positively 
regulate root hair development. To determine if 
AIRHD6 and AIRSLI are requited for the de- 
velopment of the only other tip-growing cell in 
Mowering plants, the pollen tube, we charac 
terized the phenotypes of pollen tubes in 
Atrhd6-3, Atrstl-1, and Atrhd6-3 Atrsl1-1 sms- 
tants both in vitro and in vivo. We detected 
era. defect in pollen tube growth nor in the 
ation of mutant alleles in the F> progeny 
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of backerosses to wild type (fig. S2). No other 
defective phenotype was detected in any other 
part of Atrhd6-3, Atrsl/-1, or Atrhd6-3 Atrsll-1 


mutants. Together these data indicate that 
AIRHD6 and AiRSLI are bHLH transcription 
factors that are specifically required for the 
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Fig. 1. AtRHD6 is 3 postive regulator of root hair development in A. thaliana. (A) Roots of Atrhdé-1, 
Atrhd6-2, and Atrhd6-3 mutants with their respective wild-type ecotype (WS, Wassilewskija; ColO, 
Columbia 0; Le. Lansburg erecta) and complementation of the Atrhd6-3 mutant with a genomic 
AIRHD6p::GFP-ACRHDE fusion. (B) Fluorescent image of the genomic AtRHD6p::GFP:AIRHOS 
fusion in the Atrfd6-3 background showing AtRHD6 protein in hair cells nucle. (C) Expression of 
the Atrhd6-2 enhancer trap GUS gene in root cross section. (D) Whole-mount longitudinal view of 
the expression of the enhancer trap GUS gene in Atrhd6-2 and in different backgrounds (cpc, wer, 
ttg1, and gl2). H, hair celt N, non-hair cells; C, cortex, Scales bars, 500 jim (A, 50 jum (B), 25 ym (C), 
and 100 jim (0). 
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Fig. 2. AtRSLI positively regulates root hairs development in A. thaliana. (A) Roots of WT, Atrhd6- 
3 single mutant, Atrsli-1 single mutant, Atrhd6-3 Atrsl1-1 double mutant, and Atrhd6-3 Atrsl- 
1 double mutant bearing the AtRSLIp::GFP-AIRSL transgene. Plants were grown on MS media with 
‘sucrose overlaid with a cellophane disk to increase root hair production in the Atrhd6-3 mutant. (B) 
Fluorescent image of the genomic AtRSL1p::GFP-AIRSL1 fusion in the Atrhd6-3 Atrsl1-1 background 
showing AtRSL2 protein in hair cells nuclei. H, hair cell; N, non—hair cells. Scale bars, 500 jum (A) 
and 50 ym (B). 
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development of root hairs and act downstream Fig. 3. Relationship be- 
fof the genes that regulate epidermal pattem — tween RHD6-LIKE proteins 
formation in the flowering plant A. thaliana. from A_ thaliana and P. 

‘The most ancestral grade of land plants are patens. The tree is a strict 
the bryophytes—the earliest microfossils of consensus tree of 12 most 
land plants from the middle Ordovician (47S parsimonious trees gener- 
million years ago) have bryophyte charac- ated with the alignment of 
teristics (12). Bryophytes do not have roots  bHLH domains amino acids 
zrowing cells that are mor- Sequences shown in fig. 3. 
sally similar to root hairs and fulfil The A thaliana genes used 
rooting functions. In mosses, caulonemal cells 278 the members of bHLH 


‘eatenmol ie) Sic WER tee : subfamily Vilc, except ALIND 
increase the surface area of the filamentous 

otonema tissue in co substrate (I NDEHISCENTY/At4900120, isha lao 
Protonema tissue in contact with the substrate NPE 


and thizoids anchor the leafy gametophore 1044 belongs to the BHLH 


ible gmt aubette (5, ra) bathe 
pes ar Rypotesidto'bcrovoed in MOO AB, 2,20. 
nutriont acquisition (/3). However, thizoids Oe yeee ebtaned by 
and caulonema develop from the gameto- BLAST of the P. patens ge- 
phyte of mosses, whereas root hairs de nomic sequence. PpINDI is 
fiom the sporophyte of modem va a P. potens sequence simi 
Thuis, acconding to the current view that land to AUND and a putative 
plants evolved by the intercalation of a spore member of family VIN in 
Phytic generation from a haplontic algal an- — P, patens. Numbers are bootstrap values and indicates an 82% level of confidence for the occurrence 
eestor followed by the progressive increase of of the AIRHD6 clade. The brackets indicate the AIRHDS clade and the sister clade, 
size and complexity of the sporophy' 
Jel to a reduction of the gametophy 
neither rhizoids nor caulonem are homol- ix 
‘ogous to root hairs, To determine if the de 
mental mechanism that controls the development 
‘of root hairs in angiosperms also controls the 
development of nonhomologous tip-zrewing. 
cells with a rooting function in bryophytes, we 
identified RHDO-LIKE yones from the 
Physcomitrella patens. We idemiified seven 
members of the AIRHD6 subfamily of BLU 
xzenes from the publicly available P. patens 
‘genomic sequence ¢http/‘moss.nibh.a. jp), sug 
gesting that these genes have been conserved 
through the land plant evolution, These were 
designated Physeomitrella patens RHD 
LIKE 1. 7 (PpRSLI to PpRSL?). To analyze 
the relationship between P. parens and 
thaliana RSL. yenes, we constructed trees by 
maximum parsimony. A strict consensus tree 
shows that 4¢RHD6, APRSL. and the two P. 
patens genes PpRSLI and PpRSL2 axe closely 
related and together forma monophyletic clade 
(AIRHD6 clad) that is sister to the clade com- 
prising all the other members of the subfamily 
(sister clade) (Fig, 3 and fig. $3). This indicates 
that the AIRHD6 clade evolved before the 
separation of the bryophytes and the vascular 
plants fiom a common ancestor. 

To characterize the function of the RHD6- 
LIKE genes in moss, we constructed deletion 


mutants that lacked the function of PpRSLI WT Pprsit Pprsi2 Pprsit Cold rhd6-3 _rhd6-3 
and PpRSL2 genes and determined whether Porsi2 ‘35S:;PpRSL1 


they developed morphological defects. Three gig, 4, PpRSL1 and PpRSL2 positively control the development of caulonemal cells and rhizoids in 
independent RNA null mutants with single p, patens, and PpRSLI and AtRHDG have a conserved molecular function. (A and B) Eighteen-day- 
insertions into the Pp RSL and PpRSL2 genes old protonema from WT, Pprslt, and Porsi2 single mutants, and Pprsld Porsl2 double mutant, were 
‘were made, Double mutants with single in- grown from spores on 0.8% agar. (A) Whole protonema growing from a single spore. (B) Dissected 
sertions into both genes were also gencrated filaments from protonema shown in (A). (C) tsolated 1-month-old gametophores. (D) Roots of the 
(fig. $4). The phenotypes of each of these mu- A. thaliana Atrhd6-3 mutant carrying the 355::PpRSL1 transgene compared to WT and Atrhd6-3 
tants were then analyzed. A haploid protonema roots. ca, caulonemal cell; ch, chloronemal cell; rh, rhizoid. Scale bars, 1 mm (A), 100 um (B), 
develops upon germination of a wild-type P-1mm (Q, and 500 um (D). 
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‘patens spore (13). This filamentous tissue 
comprises two cell types, the chloronema and 
the caulonema (Fig. 4, A and B). Chloronemal 
cells contain large chloroplasts and grow by a 
slow tip-growth mechanism (/6). Caulonemal 
cells are more elongated, contain few smaller 
chloroplasts, grow by rapid tip growth, and are 
involved in the colonization of the substrate. 
Leafy gametophores usually develop from 
ccaulonema and are anchored to their substrate 
by tip-growing multicellular rhizoids that are 
morphologically similar to caulonema (Fig, 
4C). The Pprsl! and Pprsl2 single mutants 
have slightly smaller and greener protonema 
cultures than the wild type (WT), and this 
Phenotype is much stronger in the Pprsi 
Pprsi2 double mutant, which produces small 
dark-green protonema (Fig. 4A), Pprsll and 
Pprsi2 single mutants produce fewer eaulone- 
imal cells than the WT, indicating that the 
greener protonema phenotype is the result of 
4 defect in the development of caulonemal 
cells (Fig. 4B), No caulonemal cells develop 
in the Pprsif Pprsl2 double mutant, and the 
protonema of this mutant consists of chlo- 
roncmal cells only (Fig, 4B). In wikl-type plants 
gametophores develop from caulonema, but in 
the Pprsll Pprsi2 double mutants the gameto- 
phores develop from chloronema, as previous- 
ly observed in another caulonema-defective 
mutant (17), The gametophores of the Pprsi 
Pprsi2 double mutant develop few very short 
rhizoids (Fig. 4C), No other defective pheno- 
types were detected in the chloronema, in the 
leafy part of the gametophore, or in the spo- 
rophyte in the single or double mutants. This 
indicates that PpRSL/ and PpRSL2 together 
rogulate the development of caulonemal cells 
and rhizoids in the moss gametophyte. The 
lack of a defect in chloronemal cells, which are 
the other tip-growing cells that develop in moss 
(16), inthe Pprst? Pprsl2 double mutant shows 
that, as in A. thaliana, these genes are not 
eneral regulators of tip growth. Instead it 
suggests that they function specifically to 
regulate the development of cells with rooting 
functions such as caulonemal cells and rhi- 
zoids. To determine if protein function is con 
served across the land plants, we performed a 
cross-species complementation experiment. 
Expression of PpRSLI under the cauliflower 
mosaic virus (CaMV) 358 promoter in the 
Atrhd6-3 rmutant resulted in the formation of 
Wild-type root hairs (Fig. 4D). Thus, the moss 
PpRSLI gene can substitute for loss of 
AIRE function in A. thaliana. This indicates 
that the molecular function of PpRSLI and 
AIRHDE has been conserved since the di- 
vergence of seed plants and mosses from a 
common ancestor and suggests that the same 
molecular mechanism controls the develop- 
ment of 4. thaliana root haits and P. patens 
ccaulonema and rhizoids 

We have shown that closely related tran- 
scription factors control the development of 
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root hairs and rhizoids in the seed plant 
sporophyte and the bryophyte gametophyte, 
respectively. The demonstration of the exis 
tence and function of these genes in plants 
derived from the earliest colonizers of the 
and (bryophytes) indicates that an ancient 
common mechanism controls the develop- 
ment of these two nonhomologous cell types. 
‘The RHD6-LIKE genes will have been impor- 
tant for the invasion of land by plants because 
they control the development of structures 
required for anchorage to the terrestrial substrate 
and nutrient acquisition. The observation that 
thiaoids have been found on some of the oldest 
land-plant fossils is consistent with this. view 
(8-20. 

Our demonstration that RHD6-related 
‘genes function in both bryophytes and angio- 
spemms in the development of rhizoids and 
‘oot hairs, respectively, suggests a mechanism 
to explain the increased momhological and 
cellular diversity of the sporophyte in the land 
plants derived from bryophyte ancestors, Our 
results suggest that RHDO-LIKE genes func- 
tioned in the haploid generation (gametophyte) 
‘of these early land plants that had a bryophyte- 
like fife cycle (1%), where they controlled the 
formation of cells with a rooting function, 
Then, during the subsequent radiation of the 
land plants, these genes were deployed in the 
development of the diploid generation (sporo- 
phyte) of the nonbryophyte land plants, where 
they controlled the development of rhizoids 
and root hairs. Here we propose a general mod- 
cf for the increase in morphological diversity 
Of the land-plant sporophyte based on these 
findings. We suggest that some of the genes 
that controlled the development of the bryo- 
phyte haploid body were recruited by the 
diploid phase in their descendants, where 
they provided part of the genetic mechanism 
for the increased morphological and cellular 
diversity of the sporophyte. Thus, the recruit- 
ment of genes from haploid to diploid phases 
of the life eyele, in concert with the mod- 
ification of function of sporophyte-specit 
genes, such as LFY (5), is a mechanism that 
may account for the explosion in morpholog- 
ical diversity of the diploid stage of the li 
cycle (sporophyte) that occurred in the mi 
dle Palacozoic when green plants colonized 
the continental surfaces of the planet (3). The 
full extent of the recruitment of genes from 
the haploid to the diploid phases during the 
colonization of the land will be quantified 
through future comparative analysis of gene 
function in bryophytes and angiosperms. The 
discovery and description of more bryophyie 
fossils from the middle Paleozoic is necessary 
10 unequivocally define the nature of carly 
Jand-plant life histories. This is important be- 
cause although it is likely that the carfiest 
land plants had bryophyte-like life eycles, 
there is still a possibility that their life cycles 
were unlike those of modem bryophytes. 


Only through the combination of paleobotan- 
ical and developmental genetic approaches, 
will we understand the mechanism by which 
the land plant body developed over 400 mil- 
fion years ago. 
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Polony Multiplex Analysis of Gene 
Expression (PMAGE) in Mouse 
Hypertrophic Cardiomyopathy 


Jae Bum Kim," Gregory J. Porreca,”* Lei Song,” Steven C. Greenway,” Joshua M. Gorham,? 
George M. Church,” Christine E. Seidman,’*+ ]. G. Seidman? t 


We describe a sensit 


MRNA profiling technology, PMAGE (for “polony multiplex analysis of gene 


expression”), which detects messenger RNAs (mRNAs) as rare as one transcript per three cells. 
PMAGE incorporates an improved ligation-based method to sequence 14-nucleotide tags derived 
from individual mRNA molecules. One sequence tag from each mRNA molecule is amplified onto a 
separate 1-micrometer bead, denoted as a polymerase colony or polony, and about 5 million 
polonies are arrayed in a flow cell for parallel sequencing. Using PMAGE, we identified early 
transcriptional changes that preceded pathological manifestations of hypertrophic cardiomyopathy 
in mice carrying a disease-causing mutation. PMAGE provided a comprehensive profile of cardiac 
RNAS, including low-abundance mRNAs encoding signaling molecules and transcription factors 
that are likely to participate in disease pathogenesis. 


‘ne of the central goals in ell bi 
Orin nite 

transcripts that drive essential physiolog- 
ic processes and to understand how transcription 


changes w ‘eral powerful tech- 
nologies ane » study large-scale tran- 
scriptional changes, including microarrays and 


IE)-3) 
these technologies: have limitations 
that preclude comprehensive interrogation of 
_gene expression, For example, microamay-based 
approaches have a limited ability to detect how- 
abundance RNAs and they can produce mise 
Feading results owing to eross-hybridization (4), 
Because SAGE involves dideoxy sequencing of 
concatenated cDNA dit, this approach pro- 
Vides the statistical rigor of digital quantification 
and addresses some of the limitations associated 
-based platforms (3). In prac 
the cost of SAGE experiments 
limits sampling depth, which diminishes sensi- 
tivity for interrogation of rare transeripts. 

‘To obtain comprehensive mRNA profiles that 
include rare and potentially important transcripts 
‘expressed at levels as low as <1 copy per cell, 
cloped polony multiplex analysis of gene 
‘expression (PMAGE) (6). This method permits 
accurate quantitative assessment of mRNA ex- 
pression because individual cDNA molecules ane 
direetly subjected 10 sequencing without ante- 
ccedent library amplification, concatenation, or 
subcloning, In PMAGE, individual DNA tem- 
plate molecules an: clonally amplified onto each 
ppolony bead in millions of parallel, compartmen- 
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lized droplets formed in a water-in-oil emulsion 
(7). Polony sequence-by-liation (SBL) (8) is 
used to provide an accurate, inexpensive, and 
mukiplexed platforn for high-throughput DNA 
tag sequencing. SBL takes advantage of the high 
discriminatory power of DNA ligase to iterative- 
ly label cach bead with a fluorophore encod- 
ing the identity of a base within the template. 
Microscopy-based detection of fluorescence li 
zation events permits the assessment of as man 
as $ million CDNA molecules per run, and digital 
‘quantification of tag data accommodates rigorous 
statistical analysis over a broad dynamic range of 
MRNA expression. 

‘The critical first step in PMAGE is the man- 
facture of tag libraries (Fig. 1A), Double-stranded 
DNA is synthesized from total RNA and bound 
twoligo(T) ferromagnetic beads. cDNAs are then 
cleaved with an anchor endonuclease, Nia Ill, 
leaving a 4-base pair (bp) 3° overhang, which is 
ligated to an adapter containing an Acu I type Ils 
cendonuckase recognition site. Digestion with 
Acu I cleaves 16 bases from the nonpalindromic 
recognition sequence and releases the adapter 
With its 10-bp eDNA sequence tag (plus a 4-base 
CATG anchor sequence) (fig. $1). The tag is 
subsequently ligated to a revere adapter con- 
taining a 2-bp 3° degenerate overhang. From the 
total RNA, 10 yg generates sufficient brary tem 
plate, in principle to perform up to 90 experi- 
ments, each with 4 million polonies [supporting 
‘online material (SOM), note SI}. This method. 
Of in vitro library construction ensures a faithful 
representation of mRNA levels because cach 
mRNA molecule is converted into one CDNA 
template and one polony. 

Because PMAGE requires a highly accurate 
sequencing methodology, we improved upon po- 
lony SBL, which has a median raw sequencing 
accuracy of 99.7% for reads placed against a 
reference genome (8). We optimized the per 
formance of polony SBL through five specific 
modifications [detailed in SOM. figs. S2 to Si 
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and notes SI 0 S4]. The polony beads were 
bound directly to glass rather than embedded in 
an acrylamide matrix (Fig. 1B and SOM, note 
$2), allowing an amraying density two or three 
times that of SBL. This modification allowed 
beads to coat the gel-less glass surface asa mono- 
layer in a single focal plane (Fig, 1C), which 


improved microscopy-based imaging, data yield, 
and signal coherence (fig. SS). 
To assess the utility of PMAGE for obtain- 


ing comprchensive transcriptional profiles, we 
studied mouse myocardial tissues, Cardiac tise 
poses. challenge for detection of rare transcripts, 
because of the heterogencity of resident cell types 
and the considerable abundance of mRNAs en 
coding sucomere and mitochondrial. proteins 
ig. $6). We constructed two PMAGE libraries 
fiom cardiae let ventricle of 8-week-old mice 
‘one library was derived from wild-type mic, the 
‘ther from aMHC®™ fintermates that earry an 
R4O3Q missense mutation (in which glutamine 
replaces arginine at codon 403) in one allele of| 
the endogenous cardiae «-myesin heavy-chain 
gene. R403Q is orthologous to a human muta- 
tion that causes, hyperttphic cardiomyopathy 
(HEM). aM” mice recapitulate: human 
= development of eardiae patholo- 
weeks of age, We studied young 
mutant mice (denoted as prehypertophic, 19 
idcenity carly transcriptional changes involved 
in triggering hypenophy, increased myocardial 
fibrosis, and other protean_ manifestations of 
HICM. For comparison, we constructed SAGE 

Hibraries (/0) from the same RNAs, 
We produced PMAGE libraries from nommal 
and mutant tissue using different primer-bound 
ul, s0 that both libraries could be loaded onto 
the same anray and sequenced simultaneously. 
Primers hound to cach set of beads contained a 
unique oligonucleotide sequence, which allowed 
data from the two libraries to be distinguished by 
hybridization analysis (Figs. 1, D and E, and 
SOM, notes SI and $3), The two PMAGE lie 
bares were assembled into one array consisting 
of S3.8 million beads (that inchudod polonies and 
beads without tazs), About S.$ million polony 
beads (=10%6) met eritera for containing clonal 
and well-amplitied cDNA tags. Sequence reads 
fiom ~4.7 million polonics (-86%%) yielded M4 
c pradicted 


equenicing errors in abundant tays are a 
source for false-positive detection of rate tran= 
scripts. To minimize this eror, we implemented 
an approach similar to the strategy used 10 eval- 
3.5 million human SAGE tags in a meta- 
‘of 84 published SAGE libraries (//). 
‘The sequence of cach PMAGE tag was com 
pared with all other tags inthe library for poten- 
tial enorderived substitutions. If criteria were 
sat for sequencing error (SOM, note $4), the tag 
Juded. This correction removed 278,955 
tags from 4.7 million PMAGE tags. We also ex- 
cluded single-copy PMAGE tags (59.302) from 
the combined libraries, on the assumption that 
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random errors were more likely to generate sin- 
aleton tags. If we assume that all excluded tags 
reflected sequencing errors, the maximum cal- 
culited tag error rate for PMAGE was 7.1%, a 
value that compared favorably with reported ta 
ceror rates (6.8 t0 9.4%) from dideoxy seqjuenc- 
ing of SAGE libraries (2, 11). The final yield was 
4,402,432 filtered PMAGE tags, with roughly 
nt libraries 
ly expressed 
able 
re pro 


ble 1). The ful lst of differen 
PMAGE tags (table $1), UniGiene clusters 
$52), and transcription factors (table $3) 
Vided as SOM (descriptions in note S4). 
Technical replicates of a PMAGE library 
were highly reproducible (R ~ 0.9986; fig. $7), 
which compared favorably with previously 
published data on SAGE (R" = 0.96, R ~ 0.98) 
(2). Base composition in PMAGE data did not 


reveal noticeable base bias, and distributions did 
not deviate from expected (fig. 8). Comparison 
of tag counts in SAGE and PMAGE libraries 
constructed from the same RNA were highly 
correlated (= 0.8876), which provided an inde 
pendent validation of PMAGE data (Fig. 2A). 
However, data yields were markedly different 
between these two technologies (Table 1 and fig. 
6). Using PMAGE, we sequenced more total 
tags by a factor of 31 than with SAGE, which 
included four times as many unique tags, and 
we identified twie Wy genes as in SAGE 
PMAGE identified expression of more than 10,000 
genes that were undetected by SAGE 

Analyses of >2 million PMAGE tags per 
library provided sufficient sampling depth 
capture rare transcripts (fig. S9) and to provide 
redundant coverage of the estimated 300,000 
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Fig. 1. Steps involved in PMAGE. (A) Schemat 


PMAGE library construction. Each mRNA is converted to 
CDNA molecules (red orange and green bars), cleaved 
with anchor endonuclease, ligated to forward adapters, 
cleaved with tagging enzyme Acu I, ligated with reverse 
adapters, and amplified onto beads carrying primers 


with sequences that match the forward adapters. 


emulsion PCR, each polony bead carries clonal 


molecules encoding one cDNA tag. (B) Polony 
capping and attachment to glass slide. Polony 


carry DNA templates (blue bars) that have terminal 
3’ OH groups. 3° Termini are capped by ligation, by 


using annealed bridging primers (purple bar), 


otigonucteotides that contain 3° amines (yellow orange 
bars). 3° Amines on polony beads are cross-inked to 
aminosilylated glass with amino-ester bridges (jagged 
lines) (SOM, note $2), providing 2 gel-iess mitiew for 
sequence chemistry. (C) Bright-eld image of the cardiac PMAGE library 


arrayed in a dense monolayer on a glass slide 


a 11m polony bead). This gel-less platform enhances access to sequencing 
reagents and provides a single focal plane for microscopy-based imaging 
during polony sequencing. (D) Pseudofluorescence imaging of wild-type 
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transcripts per cell (3), PMAGE data demon- 
strated a wide dynamic range in cardiac MRNA 
expression, with transcript counts ringing from 
03 tags per cell [eg., Vell? (ves 
homolog), (Table 2)] 10 ~29,000 tag 


Ibrary, 447 were expressed at >60 copies per cell 
and accounted for 65% ofall mRNA molecules. 
OF the unique tags, 99% were expressed at low 
abundance (<60 copies per cell). Among 1337 
transcription factors identified in the wild-type 
left ventricle PMAGE library (SOM, note $4), 
only: 13 were present at >60 copies per eel: the 
remainder were expressed at low abundance. 
The comparison of PMAGE profiles from 
wikl-type and prehypertrophic aMHC*™* lett 
ventricles (Fig. 2B) demonstrated a sumprisingly 


‘i000 
‘GyS signa intensity 


(red) and aMHC** (green) polonies in a PMAGE sequencing array hy- 
bridized with library-specific fluorescence oligonucleotides (SOM, notes $2 
‘and S3). (EA fluorescence intensity plot of 10,000 polonies parsed into the 
wildtype (Cy3) and uMHC* (Cy5) libraries that were simultaneously 
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large numberof differentially expressed mRNAs, 
ziven the absence of overt pathology in mutant 
hears. There were 14N6 unique PMAGE tags, 
comesponding to 706 genes, that were signiti- 
cantly up-regulated or down-regubsted (P< 0.01) 
in the prehypertrophic ventricle (SOM, note S4 
and tables $1 and S2), These widespread changes 
aflgeted components in pathways involved in 
myocandial excitation-contraction coupling, Ca"~ 


homeostasis, and enerey metabolism (fig. S11), 
‘The vast majority of these differentially regulated 
transcripts escaped detection by SAGE, which 
identified only $3 genes with significantly (P < 
0.01) altered expression, 

We assessed 20 genes that PMAGE iden- 
tiffed as both low abundance (54 to <0.3 per 
cell) and differentially expressed in prehyper- 
trophic MIC" hearts. Real-time reverse 


Table 1. Cardiac left ventricular PMAGE and SAGE libraries. Total tags are filtered tag counts. 
PMAGE libraries were filtered to exclude tags with potential sequence errors (SOM, note $4) and 
singleton tags from the combined dataset. SAGE libraries were filtered to exclude linker sequences. 
Unique tags assigned to the same UniGene cluster or gene symbol were combined into one vector. 


PMAGE 
Wild type amc” Wild type 
Total tags 2,082,192 2,360,240 70,731 
Unique tags 68,762 72,43 17,8%6 
Unique genes 17,931 18,311 7,783 


Table 2. Examples of low-abundance transcripts with changed expression in 
prehypertrophic c¢MHC*** hearts. Low-abundance genes (<60 copies per cell) 
are listed in order of decreasing tanscript abundance in the wild-type left 
ventricle. Nppa, an established hypertrophy-regulated gene that encodes atrial 
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transcription polymerase chain reaction (RT- 
PCR) confirmed PMAGE results for 19 of 20 
genes (fig. $10 and Table 2), Some of these 
genes [e.g., Nfkbie (nuclear factor kappa 
light polypeptide gene enhancer in B cells 
hibitor epsilon Nr//3 (nuclear receptor sub- 
family 1, group h, member 3), and the gene for 
the retinoid-responsive nuclear homone re- 
ceptor LXRa (liver X receptor a)] have un- 
known roles in HCM pathogenesis, whereas 
other genes encode proteins that may stimu- 
ate the protean manifestations of HCM: myo- 
eyte enlargement, increased cardiae fibrosis, 
and abnormal calcium homeostasis (14). Hod 
(homeobox-only protein), Hand2 (hand and 
neural crest derivatives 2), Vll2, and Ee 
(carly growth response-3) are transcription 
lators implicated in myocyte specifica 
and growth daring development (15-19). Di 
ferential expression of these transcripts. in 
prchypertrophic aMHC%™” hearts may in 


detected by SAGE as differentially expressed, Tag counts are followed by 
‘calculated transcript copies per cell (provided in parentheses). PMAGE tag 
‘counts were normalized to 2 million tags per library; actual SAGE tag counts are 
‘resented. Differential expression of each gene was confirmed by quantitative 


natriuretic peptide (30), is the only transcript among these 12 genes that was RT-PCR (fg, S10). 

PMAGE SAGE 
Gene symbol Wild type amacey* Wild type amacen* P value 
Hod 357 (54) 255 G8) 625) 1a) ns. 
Hand2 342 (51) 282 (42) 16 (68) 29) ns. 
Abed 302 (45) 103 (15) 9 (38) 47) ns. 
Ctof 233 (35) 476.7) 14 (59) 23 (100) ns. 
‘Nppa 183 (27) 74 (112) 35 (64) 66 (286) 2916-09 
Sin 183 (27) 39 (6) 218) 00) ns. 
Postn 43:66) 132 20) 14) 3113) ns. 
Toft 19.6) 416) 0(0) 00) ns. 
Nrah3 2103) 12@) 218) 1a) ns. 
Vgll2 2103) 120) 010) 00) ns. 
nftbie 10.2) n@ 14) 00) ns. 
£03 000) 7a) 0) 1) ns. 
Fig. 2. PMAGE accur A B wi 
rately detects mRNA 
abundance and difer- 
entially expressed tran- ba 
scripts. (A) Scatter plot 10 I 
(logarithmic scale) of 
tags in wild-type left Hy 
venvicular SAGE (total g 
tag count, 70,731) and 8 10" j 
PAGE (normalized to E 
2 total count of 70,731) é 
libraries derived. from : 
the same RNA. All tags 40! 
with counts 21 copy 
‘were compared. R = ¥ 
(0.8858. (B) Scater plot 
(logarithmic scaled of 4 
PMAGE tag abundances 10° 10° 10° 10° a we 10 
(normalized to total ‘SAGE (tag count) 


count of 2 million tags 


per library) from wild-type and uMHC** hearts (blue dots P > 0.01, red dots P< 0.01). R = 0.9950. 
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cate that these molecules also function in early 
‘growth responses to sarcomere dysfunction. 
Myocardial fibrosis is characteristic of ad- 
vanced HEM pathology and contributes to im- 
paired cardiac elasation, hear failure artythnins, 
and sudden death (20, 2/), The increased expres- 
sion of Tah! (transforming growth factor-B1), 
Cigf (connective tissue growth factor) and Posen 
{petiostin), potent regulators of fibrosis and col- 
22-24), in. prehypertrophic 
cates carly activation of this path- 
\way, which raises the possibility that fibrosis is 
not an advanced secondary phenomenon, but 3 
primary contributor to myocardial dysfunction 
Impaired relaxation is the fundamental phys- 
iologic abnormality in HEM (25), Cardiac re= 
Taxation and contraction reflects Ca cycling 
between the sarcoplasmic reticulum and the sar 
‘comer in cardiomyocytes. Ca uptake into the 
sarcoplasmic reticulum occurs via sarcoplasmic 
reticulum Ca" transport adenosine triphosphatase 
(ATPase) (SERCA2a/Atp2a2), which is regulated 
by phospholamban (Pin) and. sarwolipin (SIn) 
(26), Transcripts encoding each of these proteins 
were significantly decreased in prehypertrophic 
heart (fig. S11), which may directly account for 
the early impairment in cardiac relaxation pre- 
viously observed in this. model (27), Down- 
lation of Ahec¥ [adenosine triphosphate 


mbalanee in prehypetrophic 
hearts, SUR? isthe ATPase-regulatory subunit of 
the inwardly rectifying cardiac Karp channel, 
Which balances Ca" homeostasis with energetic 
demands (28); Abce9null mice develop anthyth- 
mmias and myocardial calcium overload! (29) 
Notibly, PMAGE also revealed significant 
(P< 001) differences in the expression of genes 
encoding 29 transcription factors between wild- 
type and prchypertrophic @MHC®*" hearts 
(able $3}. The biologic processes evoked by 
these molacule ae likely to be considerable. By 
interrogating the temporal and spatial expression 
‘ofthese transcription factors, we ean potentially 
dlisseet the networks activated in this cardiomy- 
‘pathy. which, in tum, should help identify new 
molecular targets for therapeutic intervention 
In summary, PMAGE profiling provided re- 
producible, large-scale tanseript identification, 
comparable to SAGE, 
and greater sensitivity for quantification of rare 
transcripts. We estimate that sampling ~2 milk 
lion tags provides comprehensive assessment of 
most mRNAs ( nevertheless the current 
PMAGE platform has the eapacity to read more 
than 4 milion tags per experiment. Thus, MAGI 
ean be used for very deep sampling of one li 
brary oF analyses of multiple libearies simulta- 
neously by adapting polony beas that contain 
unique sequence identifiers. PMAGE offers sev- 
cra advantages over other curently available tra 
sstiption profiling methods at a potentially lower 
cost (fig. $12), We anticipate that PMAGE 
studies will help further define mRNA regula- 


8 JUNE 2007 VOL316 SCIENCE 


tory networks that orchestrate critical cellular 
Processes in healthy and diseased tissues. 
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RNA Maps Reveal New RNA 
Classes and a Possible Function for 
Pervasive Transcription 


‘Aarron T. Wil 


ingham, 


p Kapranov,? Jill Cheng,? Sujit Dike,» David A. Nix,? Radharani Duttagupta,? 
Peter F. Stadler,” Jana Hertel,” Jorg Hackermiiller,? Ivo L. Hofacker,* 


Jan Bell,” Evelyn Cheung,’ Jorg Drenkow,* Erica Dumais,” Sandeep Patel,” Gregg Helt,” 
‘Madhavan Ganesh,* Srinka Ghosh,* Antonio Piccolboni,’ Victor Sementchenko,” 


Hari Tammana,? Thomas R. 


Significant fractions of eukaryotic genomes give rise to RNA, much of which is unannotated and has 
reduced protein-coding potential. The genomic origins and the associations of human nuclear and. 
«cytosolic polyadenylated RNAS longer than 200 nucleotides (nt) and whole-cell RNAS less than 200 nt 
were investigated in this genome-wide study. Subcellular addresses for nucleotides present in detected 
RNAs were assigned, and their potential processing into short RNAS was investigated. Taken together, 
these observations suggest a novel role for some unannotated RNAS as primary transcripts for the 
Production of short RNAs. Three potentially functional classes of RNAS have been identified, two of 
which are syntenicaly conserved and correlate with the expression state of protein-coding genes, These 
data support a highly interleaved organization of the human transcriptome, 


large fraction of the noncoding part of a 
A siescesen attic 8 

shat is sufficiently stable in a cell to be 
detected by diflerent technological approaches 
(-. The biological significance of this perva- 
sive transcription is unclear and controversi 
‘One possibility is that only very short regions of 
such unannotited RNA are biologically relevant 
(5). In-depth characterization of RNAS as to their 
subcellular compartmentalization, size, modifi- 
cations, and genomic origins can potentially 
provide clues to their functions. This study 
reports two general observations derived from 


the maps of nuclear and cytosolic polyadenylated 
[poly(A)"] RNAs longer than 200 nucleotides 
(nt) (ong RNAs, IRNAs) and whole-cell RNAS 
Jess than 200 nt (short RNAs, sRNAS) over the 
entire nonrepetitive portion of the human ge- 
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nome. First the potential biological function of an 
appreciable portion of long unannotated tran- 
scripts is to serve as precursors for sRNAS. 
Sevond, these maps reveal three classes of RNAS 
that have specific genomic localization at gene 
boundaries, Biological relevance of these classes 
‘of RNAs is supported by strong correlation with 
the expression state of wenes they associate with, 
as Well as their syntenic conservation between 
human and mouse. 

‘The complexity of steady-state RNA popula- 
tions was profiled by using tiling arrays at S-nt 
resolution to detect transcribed regions in the 
human genome (6, 7) Overall, we found the 
‘extent and general properties of the IRNA portion 
Cf the human transcriplome to be similar to our 
ccalicr study (7), Pattems of annotated and un- 
annotated transcription were similar among cell 
nes and within subeellular compartments (Fig 
SI, AtoJ, and table $2, A and B). About 64% of 
detected poly(A)" transcription (nucleus and ey 
tosol) didnot align with annotations (fig. SIN) 
(7), Of the 265,237 annotated exons, 80% were 
‘expressed in at least one cell line fig. 

‘A otal of 1.1% of the interrogated genome is 
‘covered by transcribed fragments (transfags) rep 
resenting SRNAS (summarized in table SI and 
S2C, figs, $3 and S4), SRNA transfiags have 3 
nonrandom association with genomic features, 
including EvoFold structure predictions (figs. SS 
and S7 and! table SLB). In adkltion, a tendeney 
for some to map antisense to splice junctions was 
also found. sRNAS were found in intronic, inter= 
‘genic, and annotated regions (ig. $4). Unanno- 
tated sRNAs were verified by Northern blots 
(table S3 an fig. $6) and real-time reverse tran 


scription polymerase chain reaction (table $3), 
\with an overall verification rate of ~70% (7). 


Fig. 1. Relations among the transcribed bases in the 
rnonrepeat portions of the human genome. (A) Distribution 
‘of nucleotides in transfrags from long nuclear and cytosolic 
RNAs and SRNAS from Hela and HepG2 (table $4). (B) 
Genealogy of nucleotides detected in IRNAS and sRNAS 
based on the association of the array-detected transcription 
shown in (A), Putative product-precursor associations between 


[RNAs and sRNAs are indicated by arrows. 
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Maps of sRNAs and IRNAs from different 
subcellular compartments can be further used 10 
provide a virtual “gencalogy” describing origins 
Of particular classes of RNAs (Fig. | and table 
S4). A total of 12.7% of all interrogated mucleo- 
tides can be detected as composing IRNAs or 
sRNAs in HeLa or HepG2 cel lines, One-third 
Of this total (332%) is exclusively observed in 
the nucleus as IRNAs and overlapping sRNAs 
(Fig. 1A). Another 15.1% is exclusively found 
as cytosolic IRNAs and overlapping sRNAs. A 
total of 46.3% of the sequences detected ane 
found in both the nuckeus and cytosol (Fig. 1A). 
Finally, 5.3% of the nuckeotides were detected 
in sRNA transfrags exclusively 

The origin of 79.6% of all transcribed bases 
‘can be mapped! back to the nucleus as IRNAs 
With 15.1% found only in cytosol (Fig. 1B). 
About 41.8% of the sequences seem to remain 
exclusively in the nucleus: the remainder i trans- 
ported into the cytosol. Furthermore, 3.1% of the 
exclusively nuclear RNA sequences and 6.6% of 
the nuclear sequences taansported into the cytosol 
‘overlap sRNA sequences, which suggests that 
~40%% of the latter may be processed from long 
nuclear transcripts (Fig. 1B and table S4) 

About one-fifth of sRNAs transfiags, 20.9% 
(HepG2) and 18.4% (HeLa), were identified as 
evolutionarily conserved. The PhastCons scores 
(7) associated with sRNAS are significantly 
‘enriched in conserved sequences (P value 2.2 
10°", Wikoxon nonparametric tes!) over ran 
dom (fig. SX. A and B). which points to the 
‘possible biological relevance of these transcripts 
(Fig. 2A), There is also a statistically significant 
concordance (P < 0.01, permutation test) ob- 
served between the locations of RNA and nu- 
clear IRNA transtiags. A total of 13% (HepG2) 
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and 9% (HeLa) nuclear IRNA transfiags overlap 
SRNAs. Conversely, 44% and 31% of SRNA 
transtiags overlap with nuclear IRNA transirags. 
Such an association is potentially: confounded 
by the elevated G-C composition of these re- 
gions (7). To explore this further, we divided the 
transfrags obtained from nuclear IRNA_ into 
those that do and do not overlap sRNA trans- 
fags (Fig. 2B), Mean PhastCons scores for the 
IRNA transfiags that do overlap with sRNAs 
are significantly higher than such of the trans- 
fags that do not (Fig. 2C and table SS). For 
IRNA transfiags overlapping SRN, 
9% (HepG2) and 26.2% (HeLa) exhibit 
PhastCons scores equivalent or higher than the 
average score observed for annotations (Fig, 2D), 
‘The conservation of the nuclear RNA transfiags 
ofien extends beyond a sRNA transfiag it ov 
laps (Fig. 2B), indieating that other sequences 
‘outside of the overlapping regions may be im- 
portant, reminiscent ofthe extended conservation 
seen in the miRNA precursors (8), 

Taken together, these data suggest a possible 
proxluctprecunsor relation between overlapping 
transfrags derived from IRNAs and sRNAs, 
tunderscored by the enrichment of evolutionarily 
conserved sequences in genomic regions found 
transcribed in both IRNAs and sRNAs, Conserv 
of HepG2 and 2.4% of HeLa nuclear 


IRNA transfiags may be parts of precursors of 


SRNAs, The full extent of transcription, which 
nay serve as precunors of RNA, could, howe 
be much tanger, because IRNA transtiags 
diroetly overlap sRNAs are almost certainly 
connected 10 other transtiags ina precursor 
transcript. Thus, any given IRNA transtnys can 
tbe an order of magnitude smaller than the IRNA 
transcript it represents 
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SRNA mapping and sequence conservation 
analysis (fig. SSC) indicate that sRNAs cluster at 
the 5° and 3" of genes (Fig. 3), We denote these 
classes of SRNAs "promoter-associated sRNAS™ 
(PASRs) and “termini-associated sRNAs” 
(TASRs), The occurence of sRNAS centers 
‘around 5* or 3° termini and is statistically sig- 
nificant compared with G-C-matched random re- 
«gions (Fig, 3, B and C, and table SI). Northem 
hybridization analysis revealed that PASR and 
TTASRs can vary in length (22 to 200 nt), with 
‘one prominent class of PASRs with lengths of 
~ 26, 38, and 50 nt Band C, and figs, S9 
and S12 and tables S6 and S7), PASRs were 
‘expressed at levels similar to those of the protein- 
coding genes they overlap (7). 

Several chamcteristics of both PASRSs and 
TASRs support the biological significance of 
these sRNAs, As explained below, gene expres 
correlates with the density of PASRS, and 
PASRs associate with other IRNAS at the S° 
boundaries of genes. Also, expressed PASRs are 
symtenie with mouse. 


The comelation of gene expression with the 
density of PASRs (Fig. 3D) is similar to a trend 
seen for antisense TASRS (fig. S10, A and B). 
Overall, 44.6 and 43.8% of genes found to be 
expressed in cytosol or nucieus have PASR as- 
sociation. Another 11,8 and 18.1% of genes had 
signal only in the fist exon in cytosolic or 
‘nuckar RNAs, respectively. Almost half of those 
are observed to have PASRs (fig. S10, C and D). 
Conversely, for 80% of silent genes (<10% of 
‘exons detected), no PASRs were observed. 

A thind class of RNAs is the long transcripts 
that overlap S* boundaries of protein-coding 
‘genes but do not include most of the other exons. 
This is exemplified by genes that show signal 
‘only in their first exons (Fig. 3A). To characterize 
these promoter-asociated IRNAs (PALRS), we 
performed $' and 3° RACE analysis (rapid ampli- 
fication of DNA ends) followed by hybridiza- 
tion to tiling arays (fig. S11). These experiments 
revealed that transcripts overlapping. the 
promoter and the first exon and intron regions, 
ranging in length from hundreds of base pairs 10 


more than 1 kb, are made and map to the same 
genomic regions as PASRs, 

We constricted sRNA maps in two syntenic 
regions of the human and mouse genomes (LAR 
cytokine cluster and four Hox Joci) using mouse 
STO and RI and human HepG2 and HeLa cell 
lines (7). Both species-specific and conserved! 
PASRs and TASRs were found, with 39% of 
PASR sequences and 35% of TASR sequences 
mapping into syntenically conserved regions 
(Fig. 4A). Genomic regions shared by the PASR 
(IMSY19) at the $° boundaries of the Hox D9 
and the TASR (HMSYS) in the 3° tennint of 
HoxD10 genes of both species are illustrated 
Fig 4. The sizes of PASRs and TASRs are similar 
for mouse and human cell Hines (fig. S13 and 
table Sk). 

We have found that ~10% of detected tran- 
scription is present in sRNA sequences (ran 
from 22 t0 200 nt in length), The distribu 
of these RNAs is not uniform across the 
genome, because sRNAS are more frequent 
among genes than in intergenic regions, Further- 
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PhastCons scores of long RNAs that overtap short RNAS 


2. Sequence conservation analysis of short and long nuclear RNA (7). (A) 
Conserved sRNAs surrounding the first exon of RYR3 gene. (B) Long nuclear 
‘ransfrag that overlaps sRNA is more conserved than adjacent [RNA transfrag 
that does not. (C) Quantie-quantile plot of PhastCons scores of long nuclear 
transfrags that do (x axis) and do not (y axis) overlap sRNAs, For any given 
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point on the curve, an equal proportion of each “quantile distribution” occurs 
at this juncture. (D) Distribution of PhastCons scores of long nuclear transfrags 
that overlap sRNAs, binned on the basis of PhastCons scores (x axis), versus 
percentage of transfrags in each bin (y axis). Highly conserved transfrags 
{scores > 0.4) are indicated. 


waww.sciencemag.org 


more, sRNA transfiags overlap a collection of 
IRNA transtrags that are significantly enriched in 
conserved sequences. Taken together, these data 
suggest that these IRNA. transfrags potentially 
represent parts of nuckear primary transcripts that 
‘encode conserved functional SRNAs. 

Several other observations are also derived 
from these mapping data. First, an appreciable 
fraction of protein-coding genes have expression 
‘only in the first exon and intron. This suagests 
that transcription may have two different states 
‘that are characterized by the lengths of transcripts 
made from the transcriptional stant site of gene 
locus, Second, the fate of the transcripts derived 
om a particular detected transcribed region could 
be predicted on the basis of thei retention in the 


nucleus, transport into cytosol, or processing into 
SRNAS. Overall, these RNA maps provide a vir- 
tual genealogy of RNAs (Fig. 1B). Third, PASRs 
‘often align within the boundaries of some of the 
PALRs The genomic loci and boundaries of 
PASRs appear to be well conserved in two human 
cell fines and, in some cases, between mouse and 
‘human ces this may indicate that there could be 
‘common processing signals used to create them. 
Fourth the ends of almost half of human protcin- 
coding genes were found 10 be bracketed by 
PASRsand TASRs. Given that lange regions (i 
~1 Kb) are contained in the sequences covered by 
the SRNAS, the functional roles of these sRNAs 
may involve broad domains consistent with 
involvement in chromatin alterations 
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Other recent studies also report the presence 
‘of muhiple transcripts atthe 5" boundaries of genes 
(9), including unstable IRNAS postulated 10 be 
involved in regulation of gene expression (10, 11) 
Thus, these results suggest a. model of zenome 
‘xyanization where protein-coding penes are a the 
center of a complex network of overlapping sense 
andl antisense IRNA transcription, with interleaved 
SRNAs offen marking their boundaries and cor 
relating with their expression state (fg. S14). Our 
studies also highlight a possible important biokog- 
ical function for a portion of unannotsted nuclear 
transcription as possible precursors for SRNAS. 
Such intereaved transcription produces a varity of 
‘non-protein coding SRNA and! IRNA species that 
oller cis- and transregulstory potential (12-14), 
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Fig. 3. sRNAs are enriched at boundaries of transcripts. (A) 
‘Smoothed density of sRNAS and the map of long nuclear RNA 
{rom HepG2 are shown for a region of chromosome 21. (B and 
‘C) Association of sRNAS with 5° and 3° boundaries of annotated 
transcripts is enriched compared with a set of random regions 
with matched G-C-content. The fold enrichment over random is 
plotted as a function of a distance from the 5° or 3' termini for 
RNAs on the same ("sense”) or opposite (“antisense”) strand 
as the annotations, Examples of Northem blots for PASRs and 
TASRs ate shown below. (B) PASRs; (©) TASRS. (D) A positive 
correlation between the density of PASRs and the expression 
level of the associated genes. Violin plots illustrate the 
frequency distribution of measured expression levels for bins 
‘of genes (7), The median and mean expression levels for each 
bin are indicated by "=" and "*”, respectively, The numbers on 
top indicate the number of genes in each bin, 
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Fig. 4. (A) Distribution of syntenically conserved sRNAs. The 
fractions of sRNAS in each class (ordinate) found in a syntenic 


Paes 


es 
(2) stort RNAS Human, 
(@) short RNAS Mouse 


location in both species are shown as percentages of the total 
number of sRNAS in the class. (B and ©) Characterization of syntenically conserved PASRs (B) and TASRs (C). Combined maps of 
syntenic sRNAs from Hela and HepG2 human cell lines (black) and RIMES and MEF mouse cell lines (gray) are shown, Syntenic 
PASR HMSY19 and TASR HMSYS are shown on either top (+) or bottom (-~) strands. Northern blots show HMSY19 and HMSYS in both species with 


comparable sizes. 
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A Common Allele on Chromosome 9 
Associated with Coronary 


Heart Disease 
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Coronary heart disease (CHD) is a major cause of death in Western countries. We used genome- 


wide association scanning to ide 


{2 58-kilobase interval on chromosome 9p21 that was 


consistently associated with CHD in six independent samples (more than 23,000 participants) 
from four Caucasian populations. This interval, which is located near the CDKN2A and COKN2B 
‘genes, contains no annotated genes and is not associated with established CHD risk factors such as 
plasma lipoproteins, hypertension, or diabetes. Homozygotes for the risk allele make up 20 to 
25% of Caucasians and have a ~30 to 40% increased risk of CHD. 


joronary heart disease (CHD) is the single 
Cesc watt 

CHD is highly heritable, the 
DNA sequence variations that confer cantiovas- 
‘cular risk remain lnmgely unknown. To identify 
sequence variants associated with CHD, we 
undertook a genome-wide association study 
Je-nucleotide polymorphisms 
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(SNPS). To minimize false positive associations 
\ithout unduly sacrificing statistical power, we 
designed the study to comprise three sequential 
«case-control comparisons performed at a nominal 
significance threshold of P < 0.025 (Fig. 1). For 
the initial yenome-wide scan, cases and controls 
were Caucasian men and women from Ottawa, 
Canada who participated in the Ottawa Heart 


‘Study (OHS), Cases had severe, premature CHD 
with a documented onset before the age of 60 
years and culminating in coronary artery revas- 
‘cularization (able S1), To limit confounding by 
factors that strongly predispose to premature 
GUD, we exclided individuals with diabetes or 
plasma cholesterol levels consistent with mono- 
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_zenic hypercholesterolemia (>280 mg/dL). Con- 
trols were healthy Caucasian men (65 years) 
and women (>70 years) from Ottawa who had no 
symptoms or history of CHD (table SI) 
Custom oligonucleotide arrays (3) were used 
to assay 100,000 SNPs arranged at ~30-Kb in- 
tervals throughout the genome in 322 cases and 
312 controls (data set designated as OHS-1). Of 
these, 9636 SNPs deviated strongly from Hardy 
rium (P< 0.001) oF didnot 
cet quality-control criteria (3), and 17,500 were 
subpolymorphic (minor allele freque 
in the 
centered into the analy 
ated with CHD at a nominal 


ignificance thresh- 
‘old of 0.025 (table $2). These 2586 SNPs were 


genotyped in 
ceases and 326 controls from Ottawa (OH 


n independent sample of 311 
) 


significance threshold of 02025, with the same 
direction of effect (table S2), 

‘To limit attrition of true positive associations 
duc to inadequate statistical power, we performed 
the third case-control comparison in a much langer 
prospective study of CHD risk, the Atherosclerosis, 
Risk in Communities (ARIC) study, which en- 
rolled and followed 1,478 Caucasians (4), Only 2 
Of the 30 SNPS identified in the Ottawa coborts 
were significantly associated with incident CHD in 
the ARIC population (table S2). These two SNPS, 
s10757274 and 152383206, were located within 
20 kb of cach other on chromosome 9p21 and 
‘were in strong linkage disequilibrium (77 = 0.89), 

To validate the association between 1910757274 
and 152383206 and CHD, we assayed both SNPs 
in three additional independent cohorts: the 
Copenhagen City Heart Study (CCHS), 3 pro- 


using the same criteria as OHS-1 (table SI). OF spective study of ischemic hear disease in 
these, $0 were associated with CHData nominal 10,578 Danish men and women (3; the Dallas 
Screening 
Genome-wide Association Scan (75,000 SNPs/person) 
Ottawa Heart Study-1 (OHS-1) 


322 Cases : 312 controls 


Replicate Association aay 1: SNPs with P <0.025 
Ottawa Heart Study-2 (OHS-2) 
311 cases : 326 controls 


Replicate Association Study 2: SNPs with P <0.025 
Atherosclerosis Risk in Communities Study (ARIC) 
1,347 cases : 9,056 controls 


+ 
1510757274 and rs2383206 


Validation 
Copenhagen City Heart Dallas Heart Study Ottawa Heart Study-3 


‘Study (CCHS) (DHS) (OHS-3) 
1,525 cases 154 cases 647 cases 
9,053 controls 527controls 847 controls 


Fig. 1. Study design for identification and validation of sequence variants associated with CHD. Assuming 
independence, the probability of any single SNP achieving a nominal significance level of 0.025 in all 
three studies with the associations being in the same direction was 3.9 x 10° (0.025? x 0.57); thus, none 
‘of the 100,000 SNPs would be expected by chance to replicate consistently in all three comparisons. 


REPORTS a 


Heart Study (DHS), @ population-based proba- 
bility sample of Dallas County residents (6); and 
third sample of 647 cases and 847 controls from 
the Ottawa Heart Study population (OHS-3), In 
the CCHS, cases were participants who expe- 
rienced an ischemic cardiovascular event during 
the 20-year follow-up period, whereas controls 
‘were those who did not develop CHD over the 
same time interval, In the DHS, eases and con- 
tnols were defined by using electron-beam com- 
Puter tomography to measure comonary artery 
calcium, an index of coronary athersclero 
(7), In OHS-3, cases were participants that had 
documented CHD before the age of $5 (men) or 
65 (women) years, whereas controls were men 
aged > 65 years and women aged > 70 years who 
ddd not have symptoms of CHD (table SI), In all 
three validation studies, both SNPs were signif: 
‘cantly associated with CHD (Table 1) 

‘The magnitude of CHD risk associate with the 
risk allele was determined by Cox proportional- 
hazards modeling in the ARIC and CCHS co 
horts, The hazard ratios associated with the tisk 
alleles were comparable in the two populations 
and indicated a graded incwase in risk fom 
noncarris to heterozygotes 10 homszy gotes 
(Table 2), The two SNPs (1810757274 and 
152383206) define an allele that was associated 
‘with an ~15 to 207% increase in risk in the $0" of 
individuals who were heterozygous forthe allele 
and an ~30 to 40% inerease in CHD in the 25% 
fof Caucasians who were homozygous for the 
allele, The population attributable risk associated 
‘with the risk allele was 12.5 t0 15% in the ARIC 
population and 1010 13% in the CCHS cohon, 

The mechanistic basis for the association 
between the risk allele defined by 1s107S7274 
and 152383206 and) CHID is not known, The 
allele may increase the development of athero- 
sclerotic plaques, promote thrombogenesis, oF i= 
crease the tendency of atherosclerotic plagues to 
rupture, The finding that the risk allele was as- 
sociated with coron: ition in the 
DHS and with severe premature atherosclerosis 
in OHS-1 suggests that it promotes CHD by in- 
creasing the atherosclerotic burden, The risk ale 
Fele was not associated with any of the major risk 
factors for atherosclerosis. in ARIC or CCHS 
(ables $3 and $4), and the associ 


Table 1. Association between SNPs 1510757274 and 152383206 and CHD. Values are numbers of individuals in each genotype group. P values were 
calculated by 72 tests on allele counts. HW, Hardy-Weinberg equilibrium. 
1510757274 152383206 
Controls Cases Controls Cases 
AA AG GGA ch mw GGA Gch 
OWS. 8514978 MMBCS BT x10 7 7885140137710 019 
OWS2 «8 «161.8056 140108 ——0,0009 8 ©6160-8650 14113 0.0008 038 
ARIC 2063 36221858230 525 282 (0.008, 21d0 4161-2231 230 600 324 0.0007 22 
CCHS 2752 4543°«1758 393-792-340 0.0008 2489 4583 «981-372-782 «3711658 
DHS «147,258 kT wR. Fee ere ee ee 
OWS3 228418 201333193 0.0003 197 162295327209 oT. 
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Table 2. Risk of CHD as a function of 1510757274 and rs2383206 in the ARIC study and the CCHS. ARIC expected event values are based on the log-rank 
test. ARIC incidence rates are measured in number of events per 10,000 person years of followup. Ranges in parentheses indicate 95% confidence interval. 
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ARIC study CHS 
Number of events Number of events 
n(%) Observed Expected _ Incidence Hazard ratio _ (9) __ Observed Expected Incidence __Hazard ratio 

1510757274 

AA 2293(26) 255° 295 79 (70-89) 1 3145(30) 393g. 47361 (55-68) a 

AG 4347 (50) 564 553-93 (86-101) 1.18 (1.02-1.37) 5335 (50) 792 755-73: (68-79) 1.26 (1.12-1.42) 

GG 2140(24) 298 269 © 101 (90-114) 1.29 (1.09-152) 2098 (20) 340 296 © 8072-89) 1.38 (1.19-1.60) 
132383206 

AA 2370(25) -259t = 31078 (69-88) i 296127) 3726 42564 (58-71) 1 

AG 4761(49) 643, 610-97 (90-105) 1,26 (1.09-1.46) 5,365.61) 782 772 7267-77) 1.26 (1.02-1.31) 

GG 2555 (26) 345 32797 (88-108) 1.26 (1.07-1.48) 235222) 371 327 78(71-87)_1.29 (1.12-1.50) 


Pe OO tP = 0.0081, $F < 0.00001, HF < 0.005. 


“¢-COKN2A =~ COKN2B 


HM 


ane 


Fig. 2. Fine mappi 
chromosome 9 associated with CHD. (A) SNPs spaced 
= kb apart in the interval extending 175 kb up- 


‘of the genomic interval on 


stream and downstream of 1510757274 and 152383206 were assayed in 500 cases and 500 controls 
from the OHS population with GeneChip Human Mapping SOOK Array Sets (Affymetrix, Santa Clara, CA). 
Bars represent P values (determined with ;* tests) for differences in allele frequency between cases and 
controls. Arrowheads indicate 510757274 and 152383206. The asterisk represents 8518394. The risk 
interval i indicated with a gray box. The linkage disequiibrium map indicates pairwise r* values. Blocks 
are shaded on a continuous scale, where white represents an r* of 0 and black represents an 1? of 1. (B) 
Physical map of the region showing the location of the risk interval (ray bow) relative to the noncoding 
RNA 00485453 and adjacent genes CDKN2A, ARF, and COKN2B. Antowheads indicate 1510757274 and 
152383206, and the asterisk represents 15518394 (see (A) 


possible confounding covariates (including age, 
‘gender, plasma lipid levels, blood pressure, dia- 
betes, and plasma C-reactive protein concentra 
tions; table $3), These analyses sugwest that the 
effect of the chromosome 9 risk allele on CHD 
‘was not mediated by any of the established risk 
{actors for cardiovascular disease. 

To fine-map the locus associated with 
CHD, we assayed SNPs spaced at ~$-kb inter- 
vals across the region extending 17S kb up- 
stream and downstream of 1s107S7274 and 
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152383206 in 500 cases and 500 controls from 
ght additional SNPS atthe 
locus spanning a S8-kb region (extending from 
22,062,301 to 2 9) were significantly as- 
sociated with CHD (Fig. 2). All eight were in 
strong linkage disequilibrium with each other and 
With 1910757274 and 152383206, The region de- 
mareated by these SNPS was flanked on both 
sides by ~S0-Kb regions in which none of the 30 
SNPS testod were associated with CHD. Two of 
65 SNPs in the 350-kb region surrounding the 


S8-kb risk locus were associated with CHD atthe 
‘pominal significance threshold, but neither was in 
strong linkage disequilibrion with 1810757274 andl 
1523432006, These data indicate that the risk allele 
‘comprises a single haplotype that spans ~58 kb, 
Inspection of the UCSC Genome Browser 
hpy//genomeuescedu) and BLAST searches 
against the National Center for Biotechnology 
Information (NCBI) (wwwanebi.nih.gov blast) nr 
(nonredundant) nucleotide sequence database 
revealed no annotated genes or microRNAS 
within the S8-kb interval, A: number of spliced 
expressed sequence tas (ESTs) map within the 
interval, but none contained an open reading 
fame that extends more than a. few amino acids 
Resequencing of the $8-kb interval in. two 
hhomazygotes for the risk allele and one homo- 
zygote for the reference allele revealed 66 
polymorphisms (SNPs plus small insertions or 
deletions), of which 38 were specific to the risk 
allele (table $5). Only one of these variants, a 
copy number variation in a run of nite con 
secutive CAT repeats (extending fom nucteo- 
tide 22110787 to 22110814, NCBI build 36,1) 
mapped to a spliced transcript (B176354S) that 
appears to be part ofa large noncoding RNA of 
‘unknown function (8), Polymerase chain reac~ 
tion (PCR) amplification of eDNAs confimed 
expression of the transcrip in placenta and trans- 
formed lymphocytes (fig SI). It is possible that 
Variation in the expression or fiction of this 
transcript may be associated with risk of CHD. 
Ahternatively the risk allele may alter a 
regulatory clement that affects the expression of 
a gene (or genes) located outside of the S8-kb 
imerval. Cross-species sequence alignments re- 
vealed several conserved segments within the 
$8-kb interval that may contain such regulatory 
elements (fig. $2). ILis also possible thatthe risk 


allele extends beyond the S¥-kb interval defined 
in this study and that the functional sequence 
‘variants that confer risk of CHD are located out- 


Side of the interval, Resequencing, the coding 
regions of the two genes most proximal 10 the 
fisk locus, CDKN2 and CDKN2B, revealed 
‘only a single variant (Ala! Ser" in CDKN2A) 
that was present in 6 oF the 96 indiv 

ins and i thus unlikely o explain the CHD risk 
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associated with the locus, The localization of the 
risk locus to a region devoid of known genes im- 
plicates a previously unrecognized gene or regu 
latory clement that can substantially affect CHD 
independently of established risk factors. Further 
studies will be required to elucidate the mecha- 
nism by which the locus modulates CHD tisk. 
Comparison ofthe Yoruba and Centre d° Etude 
du Polymorphisme Humain (CEPH) data from 


the International HapMap Project. (www. 


hhapmap.org) revealed notable ethnic differences 
inallele frequencies in the risk interval (table S6), 
OF the 10 alleles that were significantly asso- 
ciated with CHD in whites, 3 were virtually ab- 
sent from the Yoruba population, and 6 others 
were much less common, Both 1310787274 
sand 152383206 were present at appreciable fe 
‘quencies among African-Americans in ARIC 
and DHS, but neither SNP was associated with 
CHD in cither population (table $7) The 
apparent ethnic differences in association be- 
tween these SNPs and CHD in ARIC may reflect 
diflerences in statistical power in ARIC but 
cannot explain the ethnic differences observed 
in DHS, where Affiean-Americans are the largest 
wip. Accordingly, it seems more likely that the 
functional sequence variants associated with the 
risk allele in whites are less common in African 
Americans, This notion is consistent with our 
finding that the frequencies of several alleles 
associated with CHD risk factors difler widely 
among ethnic groups (9-1/). Compechensive 
analysis of the locus in Affe 
allow further refinement of the risk interval 


The results of this study illustrate both the 
perils and the promise of whole-genome asso- 
ciation. The initial sean and the first replicate 
sereen both generated substantially more SNPs 
that achieved the prespecified significance thresh- 
‘old than would be predicted by chance alone, as 
indicated by permutation testing (table S2). Yet 
only two of these SNPs (comprising one allele) 
survived further replication, despite the use of a 
large sample (ie... ARIC) with high statistical 
power: This finding ghis the necesity for 
adequate replication to protect against anifacts 
that may occur because of population stratifics- 
tion, multiple testing. or other factors to which 
whole-genome association studies are particular- 
ly susceptible. The consistent replication of the 
chromosome 9 risk allele in six independent study 
‘sample indicates that the approach can be produc- 
tively applied to conditions as complex as CHD, 
Which is known to be influenced by a variety of 
environmental and genetic factors (/2), Further- 
more, analysis of $0 randomly selected regions of 
500 Kb cach indicated! that the 72,864 informative 
SSNPS usod in the inital sean provided 30 10 40P% 
‘of the power that would be obtained by assaying 
all phase I! Hapmap SNPs. Therefore, scans with 
denser SNP panels and larger sample sizes may 
reveal further loci associated with CHD risk 
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The global endemic of cardiovascular diseases calls for improved risk assessment and treatment. 


Here, we describe an association between myocardial infarction (Atl) and a common sequence 
variant on chromosome 9p21. This study included a total of 4587 cases and 12,767 controls, The 
identified variant, adjacent to the tumor suppressor genes COKNZA and CDKN2B, was associated 
with the disease with high significance. Approximately 21% of individuals in the population are 
homozygous for this variant, and their estimated risk of suffering myocardial infarction is 1.64 
times as great as that of noncarriers. The corresponding risk is 2.02 times as great for early-onset 
‘cases. The population attributable risk is 21% for Ml in general and 31% for early-onset cases. 


loronary artery diase (CAD), including tification of the underlying genstic architecture of 
‘acute myocardial infarction (MD, is the heat disease may provide improved sk assessment 
eading cause of death Worldwide (). Iden and better measures for prevention and trestment. 
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To this end, we conducted a genomeswide 
sssociation study on Ieclandlic patients with MI, 
using the lumina Hap300 chip. After quality 
fiktering, 305,953 single-nucleotide polymor- 
pphisins (SNPs) were tested for association with 
ML in a sample of 1607 cases, with age at onset 
fore 70 in males and before 75 in females; 
6728 patients without a history of CAD were 
used as controls (2), The results were adjusted for 
relatedness between individuals and potential 
h the use of a meth 
‘ox of genomic control (3). Although none of 
the SNPs were significant after adjusting for 
the number of tests performed, more signals 
With P yalues of less than 10° were observed 
than expected by chance (fig. S1). Hence, we 
further explored the SNPs with P values that 
Were closest to genome-wide significanc 

The strongest association with ML was ob- 
served with three correlated SNPS—1s1333040, 
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152383207, and 1510116277. Each fad an odds 
ratio (OR) around 1.22 forthe risk allele and a P 
Value of approximately 1» 10° (table St). Al 
Uwe SNPS are located within a 190-Kb linkage 
disequilibrium (LD) block on chromosome 9p21 
2), Apart trom these 3 SNPs, 11 other 
in the same LD block showed nominally 
association with MI. The associations 
With these SNPs tended to become weaker after 
accounting for the association with the three 
SNPs mentioned above (table S1). After adjust- 
ment, a few remained nominally significant (P< 
(0,05), but none had a P< 0.01 

‘Toreplicatethe observed associations, we geno- 
typed the three SNPS—191333040, 152383207 
and 1s10116277--in an additional 665 Teelandic 
MI eases and 3533 controls, and in three ease- 
control simple sets of European descent from 
Ue cities from the United States: Philadephia, 
Atlanta, and Durham (2) For consistency, we 
used the same age-at-onset criteria in the ass 
ciation analysis as for the discovery group. The 
association with MI was replicated with signifi- 
‘cance in all four groups (table $2). When we 
combined the replication sets using a Mantel 
nvzel model (4), all three SNPs showed 
ighly significant association with MI (P< 1 = 
10"), with ORs comparable to those observed in 
the Icelandic discovery samples. When all groups 
were combined, 152383207 showed the most- 
significant association (P= 2.0% 10°"), with an 
OR of 1.25 [98% confidence interval (C1) 1.18 10 
1.31] for the risk allele G. Notably, 152383207 
and rs10116277 are highly correlated (r? = 0.90) 
and their effgets could not be reliably distin- 
‘tuished from each other in these data. The SNP 
191333040 is also substantially comelated. with 
383207 and 910116277 (77 = 0.57 and 0267, 
respectively). In an attempt to refine this 
association signal, we identified the SNPS that 


Ps, we selected § to be zenotyped. 
Each of the 36 SNPs was either one of the eight 
‘orhad a very good surrogate among them ( 
(0,90) (able $7). With data from all case-control 
_gtOups combined, allele G of the refinement SNP 
1510757278 showed the strongest association 
with the disease (OR = 1.28, P= 1.2 = 107% 
Table 1 and table S2), Furthermore, whereas 
152383207 was no longer significant after adjust- 
ing for rs10757278 (P = 0.25), rs107S7278 re- 
mained significant with adjustment for 152383207 
(P= 2.0» 10°), Among the SNPs in this region 
that showed very significant association withthe 
disease when tested individually, none was 
significant after adjustment for rs107S7278 with 
the exception of the refinement SNP es 
‘which was marginally significant (P 
with adjustment (lable $8). Henceforth, for 
simplicity of presentation, we focused on the 
most significant SNP, 1810757278. Additional 
resus for other SNPS in the region are provided 
in tables $2 to S6, 
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Table 1. Association results for 152383207 (G) and 1510757278 (G), in 9p21 in Iceland and the United 
States. Results are shown for the initial Kelandic discovery MI case-control group (Iceland A), an 
‘independent Icelandic replication group (Iceland B), and for the three U.S. replication groups of 
European descent. Also included are the results for the Ml case-control groups combined. Study 
population includes the number of Al cases (n) and controls (m). To combine the Icelandic cohorts, we 
‘analyzed them together and adjusted the results for relatedness in the combined group. For the 
‘combined groups, we calculated OR and P value using a Mantel-Haenszel model, and the frequency in 
‘cases and controls is a simple average over the frequency in the individual groups. When combining 
Icelandic and U.S. groups, the frequency in cases and controls is the average over the two populations, 


‘Study population (nim) Frequency 
Valen lalale 5 Toms OR (95% CD 
iceland & (2607/6728) 
152383207 (@) 0455 0506 = 1.22 (113-133) 14 x10 
1510757278 (G) 0434 0.489 1.25 (2.15-136) 15x 107 
Iceland B (65/3533) 
152383207 (@) 0462 0.525 :1.29(1.15-145) 2.6.x 10 
110757278 (6) 0436 ©0503 -1.31(1.16-147) 14x10 
Atlanta (596/1284) 
152383207 (@) Osa. 0593123 (1.07-1.42) 3.0.x 107 
110757278 (G) 044 = 0.551131 (114-150) 15 x 104 
Philadelphia (582/504) 
152383207 (@) os2a 0.602137 (1.16-1.63) 26 x 10 
1510757278 (G) 0.470 0.550 1.38 (1.17-1.64) 1.9 x 10 
Ducham (1137/718) 
52383207 (@) 0.513 0.559 1.20 (1.05-1.37) 6.0 x 10° 
1510757278 (G) 0460 ©0521 1.28 (112-146) 2.7 x10 
Combined 
Iceland (2272/10,260) 
152383207 (6) o4se OSI 124(1.16-1.33) 3.3.x 10" 
1510757278 (G) 0435 0.493 1.26 (1.18-1.35) 5.3 x 10" 
U.S. groups (2315/2506) 
152383207 (6) 0526 ©0585 1.25(1.15-136 = 1.1107 
1510757278 (G) O47 = osat—132(2.21-143) 15x10 
Replication groups (2980/6039) 
152383207 (G) 0555 1.27 (0.18-2.36) 1.4.x 107 
1510757278 (G) 0522 131(0.22-1.40) 1,0 x 10" 
[Al groups (4587/12,767) 
152383207 (6) 0492 0.548 125 (1.18-131) 20x 10° 
1510757278 (G) 04530517 1.28 (1.22-1.35) 1.2.x 10° 


Table 2. Genotype-specific OR for the risk allele of r510757278. The risk for heterozygous carriers (OX) 
and homozygous carriers (XX) is compared with the risk for noncarriers (00), together with 95% Cland 
the population attributable risk (PAR). The lower part ofthe table includes the corresponding values, 
when the analysis is restricted to early-onset Ml cases. Study population includes the number of Ml 
«cases (n) and controls (m). For the Icelandic groups, P values and OR were adjusted for relatedness 
using simulations. 


‘Study population (nim) Genotype-specific OR 


Variant (altete) % 0X (95% CD) XX (95% CD) si 
iceland @272/10,261) 

110757278 (6) 1 1.25 (12-139) 1.58 (1.38-1.81) 019 
U.S. groups (2315/2506) 

1510757278 (G) i 1.28 (2.14-1.45) 1.72 (2.45-2.03) 0.23 
All groups (4587/12,767) 

110757278 (G) 1 126 (116-136) 1.64 (2.47-1.82) 021 

Early-onset MI (<50 for mates; <60 for females) 

leeland (62110261) 

1510757278 (G) a 1.38 (113-169) 1.94 (1.53-2.46) 027 
USS. groups (1080/2506) 

1510757278 (6) 1 1.56 (132-185) 2.08 (1.69-2.58) 034 
All groups (1701/12,767) 

1510757278 (G) 1 1.49 (131-169) 2.02 (1.72-2.36) 031 
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Table 3. Association of the G allele of 1510757278 with CAD. The 
‘association results are shown for CAD, both including and excluding known 
‘MI cases. Results are shown for the Icelandic case-control group (except for 
the initial discovery group individuals, which have been excluded both from 


REPO! 


For the combined groups, the allelic frequency in cases and controls is a 
simple average over the individual groups or, when combining Icelandic 
‘and U.S. groups, the average over the two populations. Study population 
includes the number of all cases (n2), cases excluding Ml patients (n2), and 


‘cases and controls), fortwo ofthe U.S. groups, and forthe groups combined. controls (m). 
cusaeaen ee — AL CAD cases - Excluding MI cases 
Variant (allele) 
c frequency my OR (95% CD ° my 08 (95% CD Pp 
Iceland (1563/773/3533) 
1510757278 (G) 0.439 0496 = 1.26 (115-137) 119x107 = 0.490 1.22.0.09-1.37) 5.0.x 10+ 
Atlanta (724/128/1284) 
1510757278 (G) 0.484 0552 131 (115-150) 36x10 = 0557 1340.08-1.73) 26x 107 
Philadelphia (7097126504) 
1510757278 (G) 0.470 0547-136 (116-160) 19x10 — 0528 1.26 0.96-1.66) 1.0.x 107 
Combined 
U.S. groups (1433/254/1788) 
1510757278 (G) oa77 sso 1330220147) 27x10" = 0542 2.300.08-2.57) 5.9.x 10°? 
‘All groups (2996/1027/5321) 
1510757278 (6) 0.458 oss 129(221-138) 36x10 0s252.240.13-237) 1.1 x 10% 


‘Toinvestigate the mode of inheritance in more 
dail, we computed genotypespecific ORS for 
1310757278, With results from all groups. com 
bined, relative to noncarriers, the ORs for 
heterozygous and homozygous carriers of the 
risk allele G were 1.26 and 1,64, respectively 
(Table 2), Assuming a frequency of 45.3% forthe 
allele, the average of the frequencies in Teeland 
and the United States, the corresponding popu 
tion attributable risk is 21% 

Because the impact of genetic factors on 
CAD has been shown to be greater at early ages 
(5), we investigated the correlation of allele G 
‘of 10757278 to age at onset of ML fn this anal 
ysis, We used all cases with a known age at onset, 
ncluding those who hal onset after the age of 70 
‘or 75 for makes and females, respectively. This 
addled a total of 973 cases to the study groups 
‘compared with the number of cases used in the 
‘case-control analyses, Regressing the age a onset 
‘on the number of risk alleles showed that, for each 
‘copy ofthe risk allele, the age at onset of ME was 
‘on average reduced by approximately | year (P 
2.9 » 1077) (table $4). Alternatively restricting the 
‘case-control analysis to early-onset MI, detined as 
«an MI before the age of $0 for males and bere the 
aye of 60 for females, the allelic OR for 
1910757278 G in all groups combined increase 
to 142 (93% CI L31 10 1.53) (able SS). Relative 
to noncanrers, geneeype-specitic OR for early 
‘onset MI is 149 and 2.02 for heterozygous and 
homozygous carers of the risk allele, respoctively 
(Table 2), 

Having established that allele G of rs107S7278 
is associated with MI, we explored its impact on 
the broader phenotype of CAD (Table 3). To 
climinate bias that could have arisen from the 
selection of the most-significant variants in the 
initial yenome-wide study, the cases and controls 
from the Icelandic discovery group (Iceland A) 
were not included here Ifthe lelandiec group had 
‘been included, there would have been little change 
tothe estimated effects, but the results would have 
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‘become more significant duc to the larger sam- 
plesizes. Als, the group from Durham did not 
have CAD cases without MI. As expected, 
1610757278 was associated with CAD with 
high significance (OR = 1,29, P= 3.6 = 10" 
the groups combined), Afler removal of ML 
‘eases from the analyses, the associations remained 
significant forthe groups from Iceland and Atlanta 
but not for the Philadelphia group. Combining 
results ftom the three groups gave an OR of 1.24 
(P= 0.000011). 

The variants on chromosome 9p21 associated 
With MI are located in an LD block that con- 
tains the CDKN2A and CDKN2B genes. The pro- 
teins encoded by these genes-callad pl! 
ARF, and pls" play a critical role in 
regulating cell proliferation, cell aging and 
senescence, and apoptosis in many cell types 
(6), These are all important features of athero- 
genesis, the underlying cause of MI and CAD 
(7.8) Sequencing of 93 early-onset MI patients 
across exons, exor-iniron junctions, and regu 
latory regions of CDKN2A and CDKN2B did not 
reveal obvious candidates for functional yariants 
‘or other variants that could account for the 
observed association with 1310757278 (tables 
SIL and S12). In addition to CDKN2A and 
CDKN2B genes. the LD block contains. two 
exons of the mRNA transcript AFLOO294, a 
hypothetical methylthioadenasine phosphorylase 
fusion protein mRNA, and several expressed 
sequence tags that are expressed in various 
tissues (2). The functional relevance of the 
variants of this genomic region to MI and CAD 
remains to be elucidated. 

We show that a common genetic variant 
located in the vicinity of the tumor suppressor 
sgenes CDKN2A and CDKN2B on chromosome 
‘p21 associates with MI. This is the first common 
Variant discovered to consistently confer substan- 
lial risk (OR > 1.20) of MI in multiple case- 
control groups of European descent. Duc 10 its 
hhigh frequency, the population attributable risk of 


the variant is approximately 21% for ME in 
general and approximately 31% for early-onset 
cases, Which is substantial fiom a public health 
point of view, However, as the relative risks are 
‘not extremely high, it explains only a small 
finction of the familial clustering of the discase 
and would not generate lange linkage scores. 
Hence, other susceptibility variants remain to be 
identified and! some could be located in candidate 
regions identified by genome-wide linkage scans 
(9-11), There is evidence 10 suygest that the 
‘variants identified here could increase the risk of | 
CAD iin general in addition to their imptct on MI, 
«an observation that warrants further investigation, 
‘The mechanism whereby the genetic. variants 
exert their efféets in the pathogenesis of MI 
remains to be elucidated. 
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Attenuation of Allergic Contact 
Dermatitis Through the 
Endocannabinoid System 

Sttnia Peeing Hora stone Repos Sade? foe sees 


Benjamin Cravatt,* Raphael Mechoulam,’ Reinhard Buettner,” Sabine Werner,” 
Vincenzo Di Marzo,* Thomas Tiiting,t Andreas Zimmer*t 


Allergic contact dermatitis affects about 5% of men and 11% of women in industrialized countries 
‘and is one of the leading causes for occupational diseases. In an animal model for cutaneous 
contact hypersensitivity, we show that mice lacking both known cannabinoid receptors display 
‘exacerbated allergic inflammation. In contrast, fatty acid amide hydrolase—deficient mice, which 
have increased levels of the endocannabinoid anandamide, displayed reduced allergic responses in 
the skin, Cannabinoid receptor antagonists exacerbated allergic inflammation, whereas receptor 
agonists attenuated inflammation, These results demonstrate a protective role of the 
‘endocannabinoid system in contact allergy in the skin and suggest a target for therapeutic 


intervention. 


Hensie contact dermatitis is charac 
Arts stim 
soward small allergenic molecules (hap 
tens), The allergen or hapten first penetrates the 
‘epidermis and is taken up by skin dendritic ces, 
\Which migrate tthe draining lymph nodes and 
present haptenated peptide or major histocom- 
patibility complexes (MITC) 10 naive antigen- 
T lymphocytes. Upon repeats allen 
i elicited by 
the recruitment of antigen-specific effector Tells 
to the skin and the subsequent production of 
inflammatory cytokines and chemokines (J), 
nabinoid receptors CBI and CB2 are 
trimeric GTP-binding protein (G_ protein) 
coupled receptors, which are activated by the 
cannabinoid A”-tetrahydrocannabinol (A°-THC), 
as well as by endocannabinoids such as arachi- 
donoylethanolamide (anandamide or AEA) or 
2-arachidonoylglycerol (2-AG) (2). Both can- 
nabinoid neptors are present on keratinocytes 
in the epidemnis, which also express enzymes 
involved in the synthesis and degradation of 
endocannabinoids (3, 
‘Although nickel-containing ear tags are gen- 
cally well tolerated by individuals in our mouse 
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colony (5), we observed that mice lacking both 
cannabinoid CBI and CB2 receptors [CBI 
receptor deficient (Carl) and CB2 receptor 
deficient (Cor) mice] (6, 7) frequently serach 
their ear tags, Ieading to severe ulcerations in 
c head and neck regions (Fig. 1. A and B, and 
fig. $1). Because localized necrotic lesions ini- 
tially developed around the car tag, we first 
‘considered that impaired wound healing might be 
the potential primary cause for the skin lesions. 


Fig. 1. Histological views of Cord") A. 
Crr2~~ mouse ears. Clips with high nickel 
content cause chronic ear ulceration in 
Creed mice fig. SD. (A) Hematox- 
yin and eosin (H&E}-staned sections of ear 
tissue from healthy Cn*Kine2* mice 
with normal size and histology. Ct cartilage: 
D, dermis; E. epidermis; HF, hair follicle. (B) 
H&E-stained sections of ucerated ear tissue 
from Car 1Cnr2~ mie carrying nickel 
‘ea tags. Arrowheads point to keratinocytes @ 
‘on the re-epithelized body ofthe wound. The 
‘eschar (Es), the strong wereieae 
epithelium (10, and the 

(Garena (0 Tne te sted 
sections of ear tissue from healthy Cnr“ 
Cor2* mice showing few metachromatic 
mast cls (arrowheads). (D) Touidine blue— 
stained sections of ulcerated ear tissue from 
CrelKin2* mice carrying nickel tags 
with intense infitration of mast cells (arron- 
heads). (E) H&E-stained sections of tymph 
odes from healthy Cnr“ 1Cnr2~ mice. in, 
lymph node; 59, salivary gland. (F) HBE- 
stained sections of lymph nodes from Cart *7 
Cni2* mice camying nickel ear tags with 
reactive enlargement and lymphadenitis of 
preauricular mph nodes. The prenuriular 
salivary glands located next to the lymph 
nodes are the same size in Cnr Knr2~~ 


However experiments to test the wound healing 
ability revealed no measurable difference be- 
tween wild-type (WT) and Corl /Cnr2” 

ouble-knockout (DKO) mice (5, 8) (fig. $2). 
We ako noted that skin ulerations appeared 10 
be particularly prominent in mice with tags con- 
taining high nickel content (65 to 70%). ln these 
cases, skin uleerations were observed in 88 out of 
304 Carl” 1Car2™~ DKO mice 2%), but were 
not observed in single Carl” or Card knock= 
outs or in any other mouse stan, Furthermore, no 
tlkerations were noted in mice with pure brass 
tags (ig $1), Subsequent histopathologic analy- 
ses of ulecrated ear tissue revealed intense 
infiltration of mast cells in close proximity to the 
‘loers (Fig. 1, Cand D), suggesting that an allergic 
reaction might be involved in the pathology seen 
in Carl” ‘Cat2™~ DKO mice. Consistently, the 
regional preauricularand submental lymph nodes 
(Fig. 1, Eand F) were swollen, reaching a diam 
ster of $1 = 2.4 mm in comparison with 20.5 » 
1.9 mm in healthy Cnrt"1Cr2~ mie, as a re= 
sult of mixed follicular and interfollicular Lym 
phate hyperplasia. 

therefore considered the possibilty th 
av increase in allengic responses might exist 
knockout (KO) mice, To test this hypothesis, we 
evaluated cutancous contact hypersensitivity 
(CHS) in Cort" Cn2~ animals using the ob- 
Tigate contact allergen 24-dintrofluorobenzene 
(DNFB), which generates a specific cutaneous T 
cxll-mediated allergic response upon repeated 
allergen contact (9). A marked increase in allergic 


B 
HF 
E 
D 
ct 
D 
45 
> qa 
4 2 
» 


‘mice without (E) and with (F) ear ulceration and serve as an internal standard. 
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responses was apparent in Carl“/Cnr2"~ mice 
as compared with WT controls (Fig. 2A). The 
difference was particularly prominent 48 hours 
after the second and the third DNFB challenge. 
ranulocytes 
jereased in the cars of DNFB-exposed 
“1Cn2~~ mice, as compared with WT ani- 
with a higher myelo- 
peroxidase activity, which is indicative of 

‘neutrophil recruitment (/0, 11). Furthermore, we 
found an increased number of MHC II” antigen- 
presenting eells in Cnrl”"/Cn2”~ mice. Upon 
‘examination of mice with a single dektion of either 
CBI or CB2 receptors, we observed a similarly 
pronounced inerease of allenic carswelling (Fis, 
2B), suggesting a nonredundant role for each 
‘cannabinoid receptor in the allergic response to 
DNEB. This finding wouk! also sueest that the 


Fig. 2. Contact allergy in canna- 
binoid receptor-deficient mice. 
(A) Crea icrv2* and Cnea"*7 
Cord" mice were sensitized (indi 
‘ated by °S°) with DNFB on the 
shaved abdomen. On day 5, mice 
were challenged (indicated by “e) 
With DNF on the right ear. second 
‘and third challenge was performed 
‘on day 13 and 21. Shown i the 
mean ear swelling overtime + SEM 


response to the milder stimulus originating from 
the nickel car tag was only detectable in mice 
lacking both receptors. 

In order to obtain independent evidence for a 
role of the CBI and CB2 receptors in the rez- 
ulation of CHS, we examined WT mice after 
administration of the CBI receptor antagonist 
SRI4I716A (Rimonabant) and the CB2 receptor 
antagonist SR144528, respectively. Afler the in- 
duction of CHS, animals received three injections 
fof the corresponding antagonist 30 min before 
and after cach challenge. In these cases, car swell 
ing was significantly increased in treated mice as 
compared with control mice (Fig. 2C), further 
supporting the role of both ceptors in CHS, In 
contrast, however, acute oral or topical adminis: 


‘tation of the CB2 receptor antagonists appeared to 
ameliorate inflammatory skin responses (/2, 13), 
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thus sugzesting that CB2 antagonism may be 
initially beneficial but detrimental upon chronic 
blockade. 

To explore this issue more careflly, we inves- 
tigated the synthesis of endogenous cannabinoids 
and the expression of cannabinoid receptors 
during experimental contact allergy studies. After 
DNFB treatment, the levels of 2-AG inereased in 
the DNEB-treated ears of WT controls and to an 
even larger extent in the ears of Carl” /Cnr2~ 
mice (Fig. 3A), whereas AEA production was 
strongly induced in both genotypes, Endocanna- 
binoids may have been overproduced in KO 
animals as a result ofthe lack of communication 
between receptors and | 
consequence of the exacerbated allenic response, 
Keratinocytes are known to express CBI recep 
tors (4), although the expression of CB2 on these 


saai7eA- + 
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‘of a representative experiment with nine mice per group. Statistical significance 
‘was evaluated with the Wilcoxon-Mann-Whitney two-sample test ("P< 0.01). This 
experiment was independently repeated four times with similar results. (B) 
Cnr" iCn2"*, Coed ”*MCrr2™, and Cord */Crr2™* mice were sensitized a5, 
described in (A). Ear swelling 48 hours after the third challenge of 3 rep 


‘obtained in four independent experiments with a total of 23 mice ("P< 0.01). 
(© Contac allergic response in CS7BL/6) mice after treatment with the 
indicated CB receptor antagonists. Ear swelling 48 hours after the second 
challenge of a representative experiment with 10 mice per group is shown, 
‘Similar results were obtained in four independent experiments with a total of 25 


‘mice (***P < 0.002. Error bars in (B) and (C) indicate SEM, 


resentative experiment with eight mice per group is shown. Similar results were 


A BAG car cae 


Fig. 3. The endogenous cannabinoid system in CHS. (A) Endocannabinoid levels in 
‘ear samples of Cne1”*/Cnr2"* and Cre /Cnr2~ mice treated with DNFB after 
the second challenge (indicated by “D"), in comparison with the control sides of the 
‘same animals (indicated by "C°), were measured by means of liquid chromatography— 
mass spectromety. Data represent mean values + SEM. (B) CB1 and CB2 mRNA 
‘expression levels in ear samples of Cnr1*/Cnr2"”* mice treated with DNEB after the 
second challenge ("D"), in comparison with the control sides of the same animals 
(’C’) Relative expression units were determined by quantitative real-time PCR. Data 
represent mean values + SEM. (C and D) Contact allergic responses in CS7BL/6] mice 
after subcutaneous (C) or topical (D) treatment with the agonists \°-THC and HU-308 
‘or with vehicle alone. Error bars indicate SEM. (E) Contact allergic responses in 
FAH” and FAAH™* mice. Shown is the mean ear swelling over time + SEM of 
representative experiments with 10 mice per group (*P < 0.05, **P < 0.01, “P< 
0.000). 
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cells has been debated (3, 12, 15). We could 
identity both receptor mRNAs in human HaCat 
keratinocytes (fig. S4). CBI receptor mRNA 
was down-regulated in HaCat cells that had 
been stimulated for 24 hours with polyinosinic~ 
polyeytidylic acid and also in. DNFB-exposed 
‘ears, whereas CB2 mRNA and protein expres- 
jon was up-regulated in both cases (Fig. 3 and 
fig. S4). Taken together, these findings indicate 
that DNEB-induced CHS caused an activation of | 
the endocannabinoid system in the skin and im- 
balanced expression of both receptors. 

Bocuse our data indicate that activation of 
the endocannabinoid system may function to 
dampen the CHS response, we considered the 
possibility that administration of cannabinoids 
such as A”-THC might attenuate CHS in WT 
animals. Therefore, aler CHS was induced, we 
injocted mice with A°-THC (3 mg per kilogram 
‘of body weight, administered. subcutaneously) 
30 min before, as well as 24 and 48 hours after, 
DNFB challenge. Indea, A%-THC significantly 
decreased ear swelling (Fig. 3C) and reduced the 
recruitment of Gr-1" granulocytes in comparison 
with swelling and granulocyte recruitment in 
tunieated mice { vehicle: 483 = 62 Gr-I” cells per 
high power fick! (HPE) versus 200 © $0 Girl” 
cells per HIPF in subcutaneous THC treatment) 
A similar therapeutic effect of A®-THC was 
‘observed after topical application of 30 yx of 
“THC 30 min before, as well as 24 and 48 
hours after, DNFB axiministration (Fig. 3D). In 
‘contrast, the CB2-spevific agonist HU-308 either 
showed no efficacy or even increased the allenic 
response afler subcutancous or topical applica- 
tion (Fig. 3, C and D) (13), It has recertly been 
shown that Isukoeyte chemotaxis is inhibited by 
the CB2 receptor inverse agonist. 1(S} 4/4 


A eso 


yyy” 


Fig. 4. Gene expression analysis. (A) Microarray analysis of ear samples of 
Cnri*/Cnr2* and Cart~“iCnr2~~ mice treated with DNEB 48 hours 
ge ("D") in comparison with the control sides of 
") revealed 674 up-regulated and 156 down- 
regulated probe sets in response tothe treatment. Grouping was performed 
by GO annotation, Chemokine C-C motif and CX-C motif ligands and 
receptors in the up-regulated group are presented in light gray in the 
column of immune-related genes. (B) Transcripts for the chemokine MiCP- 


after the second chall 
the same animals ( 
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2{(4-methoxypheny))sulfonyl}phenyl}- 
sulfonyl phenyl |ethyl|methanesulfonamide 
(Sch. 336) and, thus, HU-308 administration to 
the inflamed ear may have further increased 
leukocyte infiltration (16). 

Because endocannabinoid levels were reg- 
talted in DNFB-teated ears and 4?-THC had a 
beneficial effect on CHS, we asked whether mice 
‘having higher endocannabinoid Kvels would 
show altered allergic responses affer DNFB treat- 
ment. Therefore, we analyzed the allergic reac 
tion in mice lacking the enzyme fatty acid amide 
hydrolase (FAH), which have augmented anan- 
damide levels (7). As shown in Fig. 3E, we 
found a significantly decreased allergic response 
in FAAH KO mice after the second and thint 
DNEB challenge when compared with the 1e- 
sponse in WT mice. Similar to our results, mice 
\with only peripherally clevated fatty acid amides 
showed a reduced inflammation in the camri- 
‘geen foot-pad model (/8). Alldata indicate that 
the anti-inflammatory responses were periph- 
‘eral rather than central, and that FAH inbib- 

ors are a potential therapeutic approach for 
inflammation (and a potentially useful alterna- 
tive to direct CBI/CB2 agonists). 

Tn onder to gain insight into the molecular 
mechanism that mty contribute to the inereased 
magnitude of CHS in cannabinoid receptor 
deliciert mice, we performed a series of microarray 
experiments with RNA isolated from DNFB- 
twwated ears of Cart (Ch2™ and Carl 'Cn2"* 
mice, a well as from the untreated ears of control 
mice, In all, 830 probe sets were differentially 
expressed betwee control and DNFBareated 
ears, of which 674 were up-regulated and only 
156 were down-regulated. We grouped the probe 
sets by using gene ontology (GO) annotation 


(19, 20) (Fig, 4A), Immune-related probe sets 
represented the largest group of differentially 
expressed genes (40 down-regulated and 117 
up-regulated probe sets). Notably, large num- 
bers of chemokine C-C and C-X-C motif ligands 
(22) and receptors were found in the up- 
group (table $1) and represented 22 
immune-related probe sets (able S2), Fifty-four 
genes were differentially expressed in DNEB- 
treated whole-car specimens of Carl"”/Cnr2"* 
mice versus those of Carl” /Cnr2” 
SS). The only chemokine gene transcri 
group was monocyte chemotactic protein 2 
(MCP-2ychemokine (C-C motit) ligand 8 
(CCL8), Using realtime reverse transcription 
polymerase chain reaction (RT-PCR) and in situ 
hybridization, we confirmed the differential 
expression of MCP-2CCLS mRNA in keratino- 
eytes (Fig. 4, B and ©), Further in-vitro 
experiments showed dynamic regulation of 
MCP-2CCLE production in activated keratino- 
eytes through cannabinoid agonists (fig, S6 
MCP-2/CCLS is a member of the MCP family 
‘which has been shown to play a major role in the 
recruitment of macrophages, activated lympho 
cytes, and mast cells into inflammatory sites 
22, 23), Taken together, our results suguest that 
the endocannabinoid. system regulates allenic 
inflammation through a modulation of the chemo- 
kine system, 

The observation that the endocannabinoid 
system is activated in « model of CHS, together 
‘with the fet that tion or pharmaco- 
logic blockade of CB receptors enhanced con 
tact allergic inflammation, whereas stimulation 
of CB receplors reduced such inflammation, 
strongly suggests that the endocannabinoid sys- 
tem serves 10 attenuate the inflammatory: re= 


” 


2ICCLB in DNFB-treated ears of Crra**/Cnr2"* and Cnr /Cnr2* mice 
resulting from microarray expression study (left panel) and real-time RT- 
PCR quantification (right panel). Shown are representative results of three 
independent experiments (""P < 0.01, ##P < 0.01, ***P < 0.001). Error 
bars indicate SEM. (C) In situ. hybridization with the use of a 
<igosigenin-labeled probe for MCP-2/CCL8 in ear tissue of DNFB-treated 
and control ears from Cari™*iCnr2"* and Cnr ICnr2~~ mice. The sense 
‘robe showed no staining. 
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sponse in cutaneous CHS. The finding that 
topical application of A°-THC reduced allergic 
inflammation points to the promising potential of 
developing pharmacological treatments (24) with 
the use of selective CB receptor agonists. or 
FAAI inhibitors 
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Genome-Wide Mapping of in Vivo 
Protein-DNA Interactions 


David 5. Johnson,?* Ali Mortazavi,”* Richard M. Myers,*t Barbara Wold”? 


In vivo protein-DNA interactions connect each transcription factor with its direct targets to form a 
‘gene network scaffold. To map these protein-DNA interactions comprehensively across entire 


mammatian genomes, we developed a large-scale chromatin immunoprecipi 


ion assay (ChIPSeq) 


based on direct ultrahigh-throughput DNA sequencing. This sequence census method was then 
used to map in vivo binding of the neuron-restrictve silencer factor (NRSF: also known as REST, for 
repressor element-1 silencing transcription factor) to 1946 locations in the human genome. The 
data display sharp resolution of binding position [+50 base pairs (bp)], which facilitated our 
finding motifs and allowed us to identify noncanonical NRSF-binding motifs. These ChiPSeq 

data also have high sensitivity and specificity [ROC (receiver operator characteristic) 

area 2 0.96] and statistical confidence (P < 10), properties that were important for inferring new 
‘candidate interactions, These include key transcription factors in the gene network that regulates, 


pancreatic islet cell development. 


Ithough much is known about transerip- 
A tion factor binding and action at speci 

zones, far less is known about the eom- 
position and function of entire factorDNA 
interactomes, especially for onganisms with lange 
‘genomes. Now that human, mouse, and other 
large genomes have been sequenced, it is 
possible, in principle, to measure how any 
transcription factor is deployed across the entine 
‘genome for a given cell type and physiological 
condition, Such measurements are important for 
system-level studies because they provide a 
itlobal map of candidate gene network input 
‘connections. These direct physical interactions 
between transcription factors or cofsetors and the 
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chromosome can be detected by chrom 
immunoprecipitation (CIP) (7). In ChIP ex- 
periments, an immune reagent specific for a 
DNA binding factors used to enrich target DNA 
sites to which the factor was bound in the living 
cell. The enriched DNA sites are then identified 
and quantified. 

For the gigabase-size genomes of vertebrates, 
it has boon difficult to make ChiP measurements 
that combine high accuracy. whok-genome com: 
pleteness, and high binding-site resolution. These 
dta-quality and depth issues dictate whether pri- 
mary gene network structure can be inferred with 
reasonable certainty and comprebensiveness, and 
how effectively the data can be used to discover 
bbinding-site motifs by computational methods. 
For these purposes, statistical robustness, sam- 
pling depth across the genome, absolute signal 
and signal-to-noise ratio must be good enough 
to detect nearly all in vivo binding locations for 
2 regulator with minimal inclusion of fae 
positives. A further challenge in genomes large 
‘or small is to map factor-binding sites with high 
positional resolution, In addition to making com- 


putional discovery of binding motifs feasible, 
this dictates the quality of regulatory site anno- 
tation relative to other gene anatomy Landmarks, 
such as transcription sta site, enhancers, introns 
and exons, and conserved noncoding features 
2). Finally, if high-quality protein-DNA inter 
aectome measurements can be performed rou 
cly and at reasonable cost, it will open the 
‘way to detailed studies of interactome dynam 
ics in response to specific signaling stimuli or 
genetic mutations. To address these issues, We 
tumed to ultrahigh-throughput DNA seque 
ing to gain sampling power and applied size 
selection on immuno-enriched DNA to enhance 
Pewitional resolution, 

The ChiPSeq assay shown here differs 
from orher tange-scale ChIP methods such as 
ChIPAnay, also called ChIPchip (J); ChIPSAGE 
(SACO) (3); of ChIPPet (4) in design, data 
proxiuced, and cost. The design is simple (Fig 
1A)and, unlike SACO or ChIPPet,itinvolyes no 
plasmid library construction. Unlike microat 
assays, the vast majority of single-copy sit 
the genome is accessible for ChIPSeq assay (5), 
rather than a subset selected to be array features. 
For example, to sample with similar eomplete- 
fiymetrin-style microarray design, a 
nucleotide sliding window design 
of roughly 1 billion features per array would be 
rnceded for the nonrepeat portion of the human 
In addition, ChIPSeq counts sequences 
so avoids constraints imposed by array 
hybridization chemistry, such as base composition 
constraints related 10 Ty. the temperature at which 
Si of double-stranded DNA or DNA-RNA 
hybrids is denatured; eross-hybridization; and 
sccondary structure interference. Finally, ChIPSeq 
is easible for any sequenced ssnome, rather than 
being restricted to species for which whole- 
genome tiling arrays have been produced. 

ChIPSeq_illstrates the power of new se- 
quencing platforms, such as those fiom Solesay 
lumina and 454, to perform sequence census 
‘counting assays. The generic task in these appli- 
cations isto identify and quantify the molecular 
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contents ofa nucleic acid sample whose genome 
‘of origin has been sequenced. The very large num 
bers of short individual sequence reads produce 
by these instruments (currently ~$00,000 reads 
‘of 200 nucleotides (nt), or ~40 million reads of 
25- nt, per instrument run, depending on the 
platform uscd) are extremely well suited to mak- 
ing dirwct digital measurements of the sequence 
content of a nucleic acid sample. By determin- 
ing a short sequence read from each of many 
(10° to 107) randomly selected molecules from 
the sample and then informatically “mapping 
‘each sequence read onto the reference genome, 
the identity of each starting molecule is Ieamed, 
and its frequency in the sample is calculated 
Desired levels of sensitivity and statistical 
certainty needed 10 deteet rare molecular species 
‘can be achieved, in principle, by adjusting the 
toa number of sequence reads. Sequence een 
Sus assays do not require knowing in advance 
that a sequence is of interest as & promoter, en= 
hancer, oF RNA-coding domain, as most eur- 
rent microarray designs do. Below, we use the 
Solexa/Illumina platform, because high-read 
rhumbets contribute to high sensitivity and! com- 
prehensivenes in large genomes, 

‘We used! ChIPSeq to build a high-resolution 
interactome map for human neuron-restrictive 
silencer factor (NRSF; also known as RI 
repressor element-1 silencing transcription 
factor), This zine finger repressor negatively rey 
lates many neuronal genes in stem and progen- 
itor cells and in nonneuronal cell types, such as 
the Jurkat T cel fine studied here (6). A primary 
reason for selectings NRSF asa test ease is that 
prior studies provide a lange set of kniown “gold- 
standard” target genes, inchiding more than 80 
in vivo binding sites defined by ChIP-QPCR 
(quantitative reabtime fluorescence polymerase 
chain reaction) (7). A subset of these genes has 
also been tested for regulatory function by trans- 
fection assays (8), In addition, the DNA met 
bound by NRSF, called NRSE (also called RE), 
is long (21 bp) and well-specificd (8). This has 
Jed 10 a rich group of computational models for 
the site and for all ts occurrences in the human 
‘genome (7, 9-11) These sites provicle a frame- 
\work of explicit predictions that can now be 
tested by measuring repressor binding globally. 
Finally, there is a high-quality monoclonal 
antibody (/2) that recognizes NRSF efficiently 
in ChIP experiments (7), 

We prepared two DNA samples for each 
(ChIPSeq experiment: an NRSF/REST enriched 
ChIP sample and a companion control sample 
‘ofthe same fixed chromatin, but without immuno- 
enrichment, In an effort to increase positional 
precision and 10 provide optimal substrate for 
the Solexa/lllumina sequencing platform, we 
introduced a size-selection step aller cross-link 
reversal (Fig. 1A and fig. $2) (5), DNA se- 
quencing of cach sample was performed by the 
Solexa/lllamina protocol (/3). Two to 5 million 
2Sent sequence reads were proxiuced per sample, 
‘of which about half mapped to single sites in the 
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human genome (table $1). Sequence reads that 
map 10 multiple sites in the gonome were 1e- 
moved from subsequent analysis. This eliminates 
sequenees in simpke repeats, some complex re 
peals, and also 2S-nt scements that are not unique 
by chance. The location of each remaining unique 
sequence read in the genome was recone, To 
accommodate polymorphisms relative to the 
reference genome, up t0 two mismatches were 
allowed. The resulting sequence rad distribu- 
tion was processed with a ChiPSeq peak locator 
algorithm developed for this purpose (5). The 
algorithm finds a local concentration of sequence 
hits (a location cluster) and, within that loca- 
tion, calls a peak. We then required of these 
minimum fivefold enrichment of sequence reads 
in the ChIP sample relative to the corresponding 
location in the control. Fivefold enrichment is a 


conservative choice among enrichment thresh- 
‘olds commonly used in contemporary large- 
scale ChIP studies. A location that passed these 
teria and also had 13 oF more independent 
sequence reads (a threshold value selected based 
fon the sensitivity and specificity analysis de- 
scribed below) was called an NRSF-positive 
binding event, 

‘An example of primary ChIPSeq data trom 
two independent experiments is shown in Fi 
IB for the NEUROD! locus, This. positive 
signal, which has intermediate signal intensity 
and statistical certainty (P= 8 = 10°), identifies 
a novel NRSF-binding target. The NRSFREST 
sequence-tag distribution centers dircetly over 
the only canonical NRSE motif in a 4-Kb region, 
which is located in the open reading frame of 
the NEURODI gene. This site was called a 
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ChIPSeq peak by the locator algorithm [open 
source available at (/4)), A previous study had 
implicated NRSF in repression of NEURODI, 
but had failed to find a local site computation- 
ally. The authors theorized long-distance repres- 
sion 10 explain the effect (/5), but our results 
sugyest a simpler explanation of a degenerate 
site within the NEURODI gene itself: Over the 
Primary data set (tables S2 and $3), the 
distribution of sequence-tag number per location 
ranged from the threshold value of 13 sequence 
fags to a maximum of 6718 tags at the highest 
signal (Fig. 2A and fig, $3). The two ChIPSeq 
experiments produced similar results (Hig. S2), 
mapping 1946 shared enriched locations, most 
‘of whieh occur in or near 1020 genes 
NRSF-binding sites previously identified by 
QPCR or transfection assays (7, 8) plus a set of 
Known negatives (5) were used to measure sen 
sitivity (successful detection of true positives) 
and specificity (successful rejection of true neg- 


A ChiPSeq signal distribution 


TS no canonical motif 
200) 81 canonical motif 
| m2 canonical mots 


3 
3 
¢ 


100 200 300 400 S00+ 
Number of tagvregion 


c Positional resolution 


50-20 0 420 450 
Distance from peak (bp) 


tives) of the ChIPSeq assay. A ROC (receiver 
‘operator characteristic) analysis provides a way 
‘of measuring and graphically portraying sensi- 
tivity ({faction true positive on the y axis) versus 
specificity (1 — the fraction of false-positives, 
displayed on the x axis) (Fig. 2B). Perfect sensi- 
tivity and specificity would produce an ROC 
‘curve that traces the axis 10 a value of 1.0, 
Which would extend across all possible x values 
to produce an area under the curve of 1.0, In 
contrast, ently random classification by chanes 
would produce an ROC area of ~05. The ob- 
served ROC areas are high at 0.96 (shown) and 
0.97 for the two independent experiments. The 
selected threshold of 13 sequence wads per 
region required for inclusion in the ChIPSeq 
interactome corresponds to 3 sensitivity of 87% 
and a specificity of 98%. We conclude that the 
(ChiPSeq NRSF interactome measurements are 
ccurate and, as suggested by P values (table 
statistically robust. For rough comparison, a 
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Fig. 2. (A) Histogram of all ChiPSeq-positive regions, as a function of sequence read number, that 


map 


in that region; zero (white), one (blue), or two or more (red) canonical motif instances 


defined as those scoring 270% match to the position-specific frequency matrix (PSFM) model of 
the NRSF-binding site (7). (B) ROC analysis with area under the curve >0.96 for experiment 2 
(shown) and >0.97 for experiment 1. This measures the performance of ChIPSeq in detecting 
previously validated true positives (83) and true negatives (130), as described in the text and (5) 
The threshold used for subsequent analysis corresponds to 87% and specificity 98%, as indicated 
by the arrowhead. ChiPSeq false-negatives corresponded to the lowest QPCR-positive validation 
values. (C) Distribution of the distance from the center of 771 high-scoring canonical NRSE motifs 
[84% or higher match to the PSFM motif model (7)] in ChiPSeq-enriched regions (experiment 1). 
In this example, 46% of peaks fal within the boundaries of NRSE (here, +10 to ~10 bp), and 94% 
Of the canonical NRSEs fall within 50 bp of the called experimental peak. (D) Site occupancy 
detected by ChiPSeq for NRSE motifs in Jurkat cells as a function of PSFM score (7). 
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recent ChIPPet study of the pS3 interactome did 
‘not measure these parameters, but investigators 
estimated that less than 35% ofthe lngest group 
of positive signals (Pet2 sites, which were de- 
fined by two paired end tags) are true sites, 
‘whereas the much more certain and smaller 
class (Pet3-and-above sites) likely misses: more 
than half of true positives (4), In general, we 
expect that differences in immune reagent qual- 
ity, epitope availability, and other aspects of 
design that affect all ChIP experiments, as well 
as imteractome structure itself, will contribute to 
differences between studies, 

We next assessed the precision of ChIPSeq 
site location relative to 771 computationally 
high-scoring NRSE motifs in the genome that 
also have positive ChIP'Seq signals, by: measur- 
ing the distance fiom the experimental ChIPSeq 
peak to the center of the computational NRSI 
sequence motif, In this group, 754 sites were 
ChIPSeq-positive in both experiments, and the 
center of a 21-bp NRSE motif was within 
50 bp of the called ChIPSeq peak (5) for 94% 
of these (Fig, 20). The resolution, which de- 
pends in part on size selection of sheared chro- 
‘matin afer immuno-cnrichment (5), is much 
hhigher than is typical for ChlPchip or CHIPSAGE 
($00 10 1000 bp) (3, 16), 

How comprehensive 
measurements? 
dress this question. Fin, as shown in Fig. 2D, 
virtually all strong canonical NRSF motif in- 
stances across the human genome were detect- 
ably occupied. We defined strong sites as those 
having 290% match to a previously developed 
motif model (a position-specific frequency 
‘matrix), which is based on evolutionarily con= 
served site instances across multiple mammalian 
genomes (5, 7). This high representation of d= 
tectable binding suggests that no strong. sites 
‘were mised by undersimpling. It also implies 
that all sites are accessible for NRSF/REST- 
binding in Jurkat cells, at least parttime in some 
individual cells, ahiough the degrse of accessi- 
bility might vary and may account for wide 
differences in the number of tags per site (Fig, 
2A), Second, we observed ChIPSeq-positve sig- 
nals for sites previously studied in detail by 
transfection analysis (8), and they correspond to 
a wide range of ChiPSeq signals, with all but 
‘one scoring positive in both ChIPSeq. experi- 
ments, Taken together with the sensitivity results 
(Fig. 2B), these observations suggest that the 
NRSF/REST interactome measurements. are 
_genome-comprehensive and have been sampled 
deeply enough to include most sites known by 
any other criteria to be biologically active, even 
if relatively weakly. This level of genome com- 
pleteness is attributable to the depth of Solexa’ 
Mlumina sequence sampling and is substantially 
greater than in prior studies of the adenosine 
37.5 -monophosphate (cAMP) response clement 
binding protein (CREB) interactome measured 
by SACO (3) and the p53 interactome measured 
by ChiPPet (4), 
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We next asked whether NRSF binding in or 
near promoters is correlated with low levels of 
transcription, as expected for a transcriptional 
repressor. To answer this question, we looked 
for high-confidence promoter predictions (5) 
that occur within 1 Kb of a ChIPSeq peak. We 
then assessed genome-wide transcript levels in 
Jurkat cells by hybridizing labeled RNA to 
IMlumina RetSeqS Sentrix arrays. The subset of 
230 transcripts corresponding to promoters near 
NRSF-binding sites had significantly lower (P= 
1 = 10°") transcript signals than the full set of 
20,589 transcripts 3), This angus that 
NRSF binding near promoters is significantly 
associated with transcriptional repression in 
these cells, 

‘The positional resolution and low number of 
{alse-positives in these experiments can greatly 
litte motiftinding algorithms. The effect is 
to elevate the frequency of occurence of true 
motifs within the input DNA relative to back= 
‘ground sequences, This can improve signalto- 
noise and also greatly reduce the run times for 
many algorithms, Much is known about the 
wionical NRSF-binding site (NRSE moti!) 
(7, 10, 17), and this allowed us to ask if that site 
‘emenges when a sample of the experimental in- 
teractome peak domains are used, We first ap- 
plied the motit-finding algorithm MEME (18) to 
all sites in the top 10% of signal intensity (100bp 
segments from 198 regions having $00 reads or 
more), MEME retumed the full previously known. 
motif (table S4), Single or multiple mateles to this 
canonical motif, using a 70% match threshold, 
account for 75% of all ChIPSeq regions mapped 
inthis study 


Fig. 3. (A) Canonical NRSF-binding motif A 
Weblogo (26). Its left and right half sites 
have a center-to-center distance of 11. bp. 
(B) Histogram of half-site distances in 
ChIPSeqrenriched regions, showing the 
‘observed (blue) and expected (white) counts 
(based on frequency in the genome). In 
‘addition to the expected canonical peak at 
distance 11 bp, there is also significant 
‘enrichment of half sites with noncanonical 
distances of 16 to 20 bp. (C) Webtogo of 
noncanonical NRSE with halfsite distance of 
17, showing the lack of conservation in the 
spacer nucleotides. (D) The 2214 NRSF- 
binding motifs predicted in the 1946 C 
CChIPSec-positve regions that contain canon 

‘cal, noncanonical, or only half-site motifs. 
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We next focused attention on those remain- 
ing ChIPSeq-positive regions that have 300 or 
more ChIPSeq reads, yet have no canonical 
motif match. There are 22 such locations, and 
‘when they were run in MEME, only two can- 
idate moti stood out (table S5). By imspec- 
tion, the lange cinonical NRSF-binding motif of 
21 bp is naturally subdivided ito two promi 
nent, nonidentical, nonpalindromic half sites 
(Fig. 3A), The two motifs ffom the MEME search 
comespond dircetly o the separate left and right 


cations and if they are onsmized in any discer- 
nible pattem. A distinctive pattem was discovered 
Within $0 bp of many ChIPSeq peaks, in which 
Jet and right half-site motifs are separated by 
additional “spacer” sequence that increases the 
center-Wo-center distance from the canonical 
11 bp to 16 to 19 bp, or decreases it by 1 bp to 
10 bp (Fig 3B and fig. S6), Thus, the canonical 
site has two central positions that have no 
sequence specificity, and the noncanonical 
roup is similarly oriented but has increased 
the separation distance by an additional $ to 9 
‘bp (Fig. 3C), These linked half sites, oriented 
With respect to each other in the same way as 
in the canonical site, occur in NRSF ChIPSoq 
binding domains in a statistically significant 
manner relative to random sequenice windows in 
the genome (2 » 1309 for the halfsite distance 
of 17, P-value of 0) and account for 197 regions 
Jacking a canonical motif (Fig. 3B and fig. S4), 
We also found that some binding locations have 
muhiple clustered oceumences of noncanonical 
otitis) along with a canonical one. 


Canonical NRSE moti! 


left haif-site right haif-site 


~~ 
17 bp half-site distance 


Be 


beg * i 


There are no structural data available for 
NRSF, so we cannot relate this new family of 
binding-site motifs to a known DNA binding 
structure, However, the protein has eight zine 
fingers in its DNA binding domain, and other 
COUP zine finger proteins such as Zi1268 bind 
DNA with three fingers per 10-bp tum, but they 
show considerable strain when binding with six 
fingers (/9), This makes simultaneous binding 
‘fone molecule of NRSF to these noncanonical 
half-site configurations plausible, but it is also 
possible that the protein is bound t0 only one 
half site at a time by using a subset ofits fingers 
in these cases. It will be interesting to leam if 
there are other fictional and molecular charac~ 
teristics that set these sites apart, For example, 
do the different NRSF co-repressors differ in 
their interactions at noncanonical sites compared 
‘with canonical ones (20, 21)? 

We also asked whether half sites ane si 
nificantly enriched in our ChIPSeq neighbor: 
hoods, without regard 10 orientation or spacing, 
relative 10 expectations based on their occur- 
rence in the genomes, and found that these 
regions are greatly enriched for left-side halt 
3070) and right-side hall sites (2 = 
11,674), This range of configurations, fiom 
concentrated half sites to the noncanonical 16- 
to 19-bp-spaced eft and right sites, 10 the 
nnonical {-bp-spaced full site, is quite striking 
Significant NRSF binding occurs in vivo, a 
conding to our data, at all three kinds of loci, 
Because the hal'sites are much shorter than the 
full 21-bp NRSE motif, they also occur widely 
‘over the genome, presumably mainly by chanee. 
This would mean that there is a rich pool of 
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possible binding sites fom which higher af 
finity canonical sites could be gradually made 
and tested in evolution, as suggested previous 
ly (10), However, these sites were considered 
unlikely to interact with NRSF specifically 
(U0), whereas, within the noncanonical motif 
family we define here, sites bind on their own, 
especially when clustered (fig. $6), This sug 
{gests a plausible multistep path by which the 
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target-site repertoire coukl evolve, beginning 
With clustered parial sites, passing through an 
intermediate and more specific orientation and 
spacing (the 10- o¢ 16- to 19-bp-spaced family 
here), and eventually becoming refined into the 
canonical site (the 1 -bp-spaced classic binding 
motif, Because there are more than 500 mult 

Zine finger transcription factors encoded in the 
enome (22), many of which are evol 


ChiPseg 
3.28e-24 


590-06 


{6017 additional GO Terms below threshold of significance 


Fig. 4. (A) Gene ontology (GO) analysis of the computationally predicted cohort of NRSF target 
‘genes [genes scoring as 284% match to the previously developed computational model for the 
INRSE motif (7)] compared with ChiPSeq-positive genes (right). P values for enrichment of GO terms 
above the significance threshold of 1.59 x 10, which accounts for multiple hypothesis testing (7), 
are indicated by the color scale; GO terms below the significance threshold are in white boxes. 
ChiPSeq NRSE target genes are most enriched in synaptic transmission, nervous system 
development, and ion channel-actvity functions (tables S1 and $2). (B) ChiPSeq data identified 
Tew candidate connections (blue) between NRSF and members of the pancreatic islet cell 
specification gene regulatory network [adapted from (23)]. Key transcription factors bound by 
NRSF, including ngn3_and neuroD1, occupy positions high in the network that govern network 
activation and progression. ChiPSeq data also confirmed previously known NRSF targets (cyan) that 
include terminal differentiation genes such as SCG10/stmn2 (25). 
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rapidly in humans and mice, this stratcey might 
be used by other members of the zine finger 
family 

i found that genes encoding 110 transetip- 
tion factors, 22 microRNAs, and! five splicing 
regulators were occupied by NRSF. 

‘cur prominently in introns (table $6), include 
ing a noncanonical site (P= 4 » 10°*) located 
about S00 bp downstream of the transcription 
star site ofthe NRSF gene itself, which suguests 
the possibilty of negative autoregulatory feed 
hack. We also found, as expected, that NRSF- 
bound Joci are highly enriched in gene ontology 
(GO) terms related 10 neurons and their de- 
velopment (Fig. 4A), The enrichment for the 
experimentally determined sites exceaed that 
achieved for any computationally predicted t= 
et gene cohort. Synaptic transmission and 
nervous system development rank in the top 
twee GO terms among 6000, with P values for 
‘ovemrepresentation of the NRSF target genes of 
10°°* and 107 (5) (Fig. 44). This group ine 
cludes a set of transcription factors that have not 
previously boen suggested as NRSF targets, but 
ae known to be critica inthe gone 


drives islet ecll development in the pancreas 
‘The transcription factors. NEURODI/BETA2, 
hepatocyte nuclear factors HNF4a and HNF6! 
Onecutl, and Hest were all detected here for 


the first time as in vivo binding targets of NRSF, 
and together with Neurogenin3, which isa 
previously identified tanget (7), they are posi- 
tioned critically in the regulatory network. that 
controls pancreatic cell development (Fig. 4B) 
Q3), Although in vivo binding does not en- 
sure NRSF repression activity, these regula 
tors are known to function as positive drivers 
of pancreatic neuroendocrine development. If 
NRSF repression is active at all these sites, as 
might be the case in progenitor cells, the 
cuit would be effectively blocked. In this hy= 
NRSF acts as a permissivity factor 
it entry into and progress through the de- 
velopmental pathway. 

These pancreatic network sites are among 
the more modest ChIPSeq signals, ranging from 
$5 sequence reads for HNF6 to 202 sequence 
reads for NeuoD1. values that are comfortably 
above the significance threshold of 13 (set on 
the basis of sensitivity/specificity considerations 
and known regulatory targets of Fig 2, A and 
B), yet they fall in the bottom quartile. Thus, 
these ChIPSeq data were statistically robust 
enough to map parts of this gene network that 
‘might otherwise have gone undetected or been 


highly uncertain (Fig. 2A and fig, $3). There are 
precedents in other systems that show that 
relatively weak sites are biologically important, 


specifically because they are, in the biochemical 
binding sense, suboptimal. For example, in 
Caenorhabditis elegans, the Pha4/FoxA factor 
is the key activator of a large imteractome, and 
a subset of target genes has. suboptimal se- 
quences and numbers of sites (24). In that sys- 
tem, when binding is suboptimal, it is believed 
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10 help program the temporal order of action dur- 
ing development, with poor binders turning on at 
later times in the developmental progression, 
when Phat levels are highest. By analogy, the 
regulators that govern the pancreatic network 
may be leased fiom NRSF repression rela- 
tively early in down-regulation of the repressor 
to create & permissive state that must be estab- 
lished before the neuroendocrine development 
program is launched. Also following this logic, 
SCG10Simn2 is a classic NRSF tanget gene that 
is expressed later in development in ditfer- 
centiated islet cells, and. it displayed relatively 
higher ChIPSeq tag scores than most of the 
transcription factors that are positioned higher 
and earlier in the network, Independent evidence 
suggests that SCG/0/Snnn2 expression depends 
fon relief fiom NRSF-mediated repression in 
Targets of the regulatory class 
hlighted here (Fig, 4B) can also participate in 
positive autoregulatory and eross-regulatory 
interactions that we expect woukd stabilize and 
push forward the circuit once it begins (23), 
This makes a “protective” repressor, active in 
hhonpancteatic cell types oF progenitor cells, an 
attractive piece of regulatory logic 

‘The initial picture we have of the experi- 
mentally determined NRSPIREST interactome 
been drawn for one cell type (Jurkat T cell 

nd T cells express this factor at relatively 
h levels, In this cell environment, the inter- 
aclome is composed of three broxd classes of 
target loci with respect to binding motifs. First 
are loci defined by near-optimal canonical mo- 
and virtually all of these bound the factor 
detectably in vivo. This suggests that for bio- 
chemically optimal sites, there is suicient chro- 
matin access and high enough DNA affinity to 
establish measurable occupancy, although the 
strength of the ChIPSeq. signal among these 
sites varied over wide range. Second are loci 
‘containing instances of the noncanonical motif 
family (Fig. 3) 0 sites that are weaker matches 
to the canonical 21-bp site. Binding of sites in 
this class could not be predicted solely on the 
basis of their motif sequence. Several hundred 
instances showed significant binding, whereas 
thousands of others in this group had no de 
tectable ChIPSeq signal. Binding-motif prop- 
eeties we do not yet appreciate, differential 
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chromatin access, oF epitope exposure for subset 
of NRSF-containing complexes might discrim- 
inate the minority ChIP-positives in this group 
from the majority that aré nonbinding. These 
‘observations argue that global experimental data 
are needed to discriminate motif’ instances 
‘occupied in vivo from many others that appear 
similar in motif quality, but are not simitarly 
‘occupied, even for a factor like NRSF/REST, 
Which has a wellspecified binding-motif family. 
Finally, there is a third small, but interesting, 
class that binds NRSF/REST reproducibly, and 
in some cases quite robustly, but lacks any 
identifiable NRSE motif except for the presence 
(of half sites (tables S2 and $7), Its uncertain if 
these are explained by their half-site content, be- 
‘cause they make up a tiny minority of loci with 
superficially similar halfsite content. This raises 
the possiblity that NRSF/REST might associate 
indincetly, rather than directly, with a limited 
number of specific chromosomal locations. 

ChiPSeq. as performed here, is relatively 
costeflictive; Solexa/Tlumina platform sequen 
ing costs per experiment are currently about half 
that of the most comprehensive human whoke- 
‘genome tiling arays. ChIPSeq sampling that is 
10 1 20 times deeper than was used here is 
plausible now, within the general range of mi- 
<roarray casts, and this capacity may be needa 
for interactomes having many more sites per 
‘genome than NRSF. For example, itis possible 
that some widely used transcription cofactors or 
chromatin remodeling complexes might have 
‘on the onder of 10" to 10° trucpositive sites dis 
tributed over a wide dynamic range of occu 
pancy levels, and stich interactome structures 
Will require comespordiingly deeper sequence 
‘sampling. Other ultrahigh-throughput sequene- 
ing platforms, such as the one from 454 Life 
Sciences, could also be used 10 assay ChIP 
products, but whatever sequencing platform 
is used, our results indicate that read num- 
ber capacity and input ChIP DNA size are key 
parameters. 
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EUV Light Source 


Neural Progenitor Cell Lines 

The ReNcell product tine of human immortalized 
‘neural somatic stem cell lines offers a convenient 
solution for scientists needing reproducible 
results with neurons easily derived from human 
cells, These progenitor cells ae particularly use: 
ful in drug discovery applications, where the 
development of these pathways can be moni 
{ored during screening. The product line consists 
‘of two cell lines of immortalized human neural 
progenitor cells and media for the maintenance, 
expansion, and freezing of the cells. The cel 
{ines and media are available either individually 
or asa kit 

Millipore For information 800-548-7853 

ve miliporecom 


Electronic Pipettors 

New Excel Electronic Pipettors require litte force 
{or operation and offer various options for fast 
completion of pipetting tasks. Designed with 
ergonomics and efficiency in mind, they are 
available in single-channel, eight-channel, and 
12-channel versions. In addition to standard 
‘mode for pipetting single volumes, the Excel 
pipettors can be set for repeat pipetting, sequen: 
tial pipetting, automatic mixing, and serial dtu: 
tions. Each pipettor is supplied with a recharge. 
able lithium ion battery and charger. 

Labnet international, 

for information 888-522-6382 

vewoelabnetink com 


Protein Modification Software 

Modiro, The PTM-Explorer, automates the ident 
fication of posttranstational modifications 
(PTMs) of proteins to provide more comprehen: 
sive information while reducing the time for 
analysis. PTMs modulate the activity of most pro- 
teins, and analysis of these modifications has 
become increasingly important for drug discov- 
ery and development, Modiro analyzes thou: 


www.sciencemag.org 


Model 642 is an extreme ultraviolet (EUV) light source similar to sealed x-ray 
tubes. makes use of a filament to produce electrons that are accelerated toward 
8 target by high voltage. The interaction of the electrons as they impact the solid 
target (anode) causes excitation ofthe atomic inner shells with subsequent decay 
and emission. The output emission spectrum of the source follows the target 
anode material valence band structure, The model 642 source is not a sealed 
tube so users can exchange anodes in order to produce desired wavelengths, for 
example, boron for 6.7 nm, silicon for 13.5 nm, and aluminum for 17.1 nm, 
‘Many different anodes have been characterized and are available for purchase as 
accessories. The 642 also features two symmetrical output beams. Itis useful for 
sample/reference comparison in a variety of test setups. The model 642s stable, 
the output is debrisfree, and the source is compact and controllable. 
[McPherson For information 800-255-1055 ww. MPhersoninc.com 


sands of mass spectrometry profiles in parallel to 
identify unknown mass shifts, sequence errors, 
and unspecific enzymatic cleavage of amino 
acids in high throughput. In a single step, 
Modiro enables these variances to be clearly 
visualized and evaluated via a unique interface. 
The analysis of many spectra in parallel, together 
with Modiro’s analysis interface, provides a 
faster, more complete characterization of the 
protein than previously possible. 

Protagen. 

For information +49 (0) 231.9742 6300, 
vmeprotagen.de 


Labeled Secondary Antibodies 
High-quality, labeled secondary antibodies are 
available for use in single-tabeling and double: 
labeling experiments, fluorescence-activated 
cell sorting, enzyme-linked immunoadsorbent 
assays, detection assays, and protein immuno: 
blotting applications. This series of antibodies is 
available either unconjugated or conjugated to 
an enzyme, biatn, or fluorophore. 

Miltipore. 

For information 800-548-7853, 

‘ira milipore-com 


Stem Cell Identification Tool 

The Aldeftuor fluorescent reagent system offers a 
‘novel approach tothe identification, evaluation, 
and isolation of stem and progenitor cells based 
on their expression of the enzyme, aldehyde 
dehydrogenase (ALDH), rather than cell surface 
phenotype. The system identifies only viable 
cells with an intact cellular membrane. There is 
‘no need for antibody staining and it is nontoxic 
both in vivo and in vitro. It can be used with cryo- 
preserved or fresh samples, and is optimized for 
human bone marrow, umbilical cord blood, 
apheresis, and peripheral blood. It is adaptable 
for use with other species and cell types, includ: 
ing tumor cells. t detects stem and progenitor 
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cells in multiple lineages, including hematopoi: 
etic, mesenchymal, endothelial, and neural. 
StemCell Technologies. 

For information 800-667-0322 

eeestemcel.com 


Agarose Coupling Kits 

The Hook Agarose Coupling Kits are available for 
the coupling of proteins and peptides to agarose 
resin for diverse research applications. Re. 
searchers have the option of obtaining individual 
reagents or complete kits with all the necessary 
reagents. The kits are suitable for preparing 
affinity columns and resins for the purification of, 
antibodies or interacting proteins. 
G-Biosciences/Genotech. 

For information 800-628-7730 

ver GBiosciences.com 


Sterile Plates for Cell Growth 
BactiGrowth plates offer a contamination-free 
deep-well microplate optimized for high-yield 
growth of bacteria, yeast, and mammalian or 
insect cel Lines, Produced under class 10,000 
clean-room conditions from ultra-pure grade 
polypropylene, Bactirowth plates contain no con: 
taminants to leach out and affect bacterial or cell 
growth, BactiGrowth plates are available in a 
choice of well formats (24-, 96-, and 384-well) 
and well volumes from 300 jl to 10 yl per well 
to suit most cellular growth applications. 
Porvair Sciences. 

For information +44 1932 240255, 

sn porai-sciences.com 


Neniy offered instrumentation, apparatus, and laboratory 
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emi, industrial, and government erganizations are featured 
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‘ics, and availability of products and materials. Endorsement 
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ot implied. Aitional information maybe obtained trom the 
manure or sper 
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(GROUP LEADER POSITION, BREAST 
‘CANCER/ MOLECULAR ONCOLOGY 
British Columbia Cancer Agency Research Centre 
‘Vancouver, British Columbia, Canada 

A junior Group Leader postion fs avaiable im- 
smotindy for an fei to oi the Molecular 
‘Oncology Bras Proto a the Bath Colusa 
Cine Rfency Research Conte (websites BEpZ7 
scmmibatc). The Molecular Oneclogy ‘Depa 
Se hecaed wigan a ecaty open 250,000 
‘are rsarch Bciey that owns 30 principal 
Ehesigsors and see-ofthe-ar fie Kr mae 
fet, imaging, ow cyemeny, gency mol 
Eepatclog, and high tinaghpan sree 

Fhe Deparment sclang young instigator 
wih researc fees in a anpect of quanta 
ology appicabic to bret cnt, to complement 
‘stg aregsi in roel pahclog ol kay, 
como gente, rouse pene an igh throug 
ur Oh sccconp, Apprents wl hae exceor 
Sceemenicsion salsa wal be expec vo cor 
true towards teaching mail stent and/or 


saduate students 

Thitial salary support for up to five years and a 
startup package will be available, and qualified 
‘candidates wil be clgible for an ASSISTANT 


PROFESSOR level appointment at the University 
British Columbia. Applicants should submit 
fquriculum vac, three Ktters of reference, and a 
ecspge aan fa earch propel Jom 
(e-mail: jeromarty@bcere.ca). Inform 
tenquaires may be direxted to the it Head, 
Dr. Samucl Aparicio (e-mail: sparicio@® becre.ca), 
‘Univemity of Bitdh Columba and BCCRC eo the 
br of met ad a commited employment cysty. We 
ensanage all qualified penows 1 apply, however Canadians 
‘ind permanent resident of Canada all be given peony 
‘Closing date for applications: August 2007. 


ANTICIPATED ASSISTANT or 
‘ASSOCIATE PROFESSOR. 
(Tenure Track) 
Comparative Biomedical Sciences 
Department with numerous funded investigators 
in cell and molecular biology (including cancer biol 
culty person in cancer-elated 
‘qualifications: Ph.D. or equival 
dees in Bolg emotil scenes of related 
postdoctoral caperience; research background 
in the cell/molccular biology of cancer, ability 10 
teach in the graduate and profesional peogram,; have 
will have} extramural faring. Additional qual: 
fications desitod: gene ot stem cell therapy research 
experience. Responsibilities establihes and. mai 
tains an extramurally finded research program in 
sancer related research; participates in the graduate 
[program and in teaching. Salary and rank will be even 
meneurate with quiliicatons. An ocr of employment 
fs contingent on a satisfactory pee-emplovment back: 
‘ground check. Application deadline is July 31, 2007, 
‘or until candidate selected. Submit letter of applica 
tion and resume (including e-mail address) to: 

Dr. Shulin Li, Associate Professor 
Department of Comparative Biomedical Sciences 
‘School of Veterinary Medicine 
‘Louisiana State University 
Reference: #027360 
Baton Rouge, LA 70803 
‘Telephone: 225-578-9758 
E-mail: sli@vetmed.Isu.edu 


RESEARCH HEALTH SCIENTIST, Saint 
Louis VA Medical Center. Three-year term position 
focusing on malaria. Review published scientific 
lirerature, prepare research protocol, design exper 
iments, independently colle and cvaluste rexarch 
data, and prepare manuscripts and grant applications 
for submission to appropriate journals and national 
‘granting agencics. To apply, contact Alice Taylor, 
telephone: 314-894-6620. For additional informa’ 
‘om about the position, contact Dr. Coy Fitch, 
‘telephone: 314-289-7030. fj! Oppersoaty Employer 


VISITING ASSISTANT PROFESSOR 
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The Department of Ecology and Evolution- 
ary Biology at Tulane University is accepting 
applications for the position of Visiting. Assist= 
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The Department of Veterinary Physiology and Phar 
macology, College of Veterinary Maticine and Bio: 
medical Sciences, Texas AM Univenity, announces 
the avalabiity of 3 TENURE-TRACK FACULTY 
POSITION (open rank), We seck an individual whose 
area of research focuses on endocrine regulation of 
the cardiovascular system oF processes/iliscase 0 
ditions that directly involve both endocrine function 
and the cardiovascular system, Preference will be 

ven te applicants whose research questions exhibit 

rach-torbedside relevance and the ability to po- 
tentally collaborate with departmental faculty with 
related research interests, Opportunities exist to col- 
Laborate with faculty in the Colleges of Agriculture 
and Life Science, Engincering, Mk 
land Veterinary Medicine and the Dellakey’ Insitute 
foe Comparative Cardienascular Science and Biot 
fal Devices, A strong research program ant vid 
‘Of a commitment to excellence in teaching are re 
‘quired. Departmental faculty and their interests can 
bbe identified ar website: htep://www.cym.tamu. 
‘edu/etpp. Evaluation of applications wil begin July I, 
2007, and continue until the position i filed, Can 
‘dates should send curriculum vitae, leter of app 
‘ation, and names and address of thace referenees 

Dr. Timothy A. Cudd 
Department of Veterinary Physiology and 
Pharmacolo} 
‘Texas ASM University 
College Station, TX 77843-4466 
‘Telephone: 979-862-1972, fax: 979-845-6544 
‘E-mail: tcudd@evm.tamued 
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The Appalichian Laboratory, Univer of Mary 
land Coney for Enronmenal Science (UMC) 
tits applications for a tene-track postion to 
Crile wat UMCES acy on faut. con 
termed wich the inact of diner change on ter 
rental and/or aquatic ecosystems. Appcans ms 
fave completed's Ph.D. and have demonstrated 
an ably to generate eateral resarch fing 
‘Ths appointment will be atthe ASSISTANT. or 
ASSOCIATE PROFESSOR lod deeming om 


Braddock Read; Frostburg, MD 21333, Revew of 
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Regional Focus: North Carolina 


North Carolina: 
Opportunity and Community 


By Emma Hitt 


ees, tees, and Ph.0.s" is the phrase locals use to portray North Carolina's Research 
Triangle Park (RTP), an -mile by 2-mile area bordered by Chapel Hill, Raleigh, and 
Durham. The area does, in fact, boast one of the highest per capita concentrations of 
Ph.0.s. Only the street-level concrete signs reveal the region's foremost function; the 
peaceful, tree-lined roads winding through rolling hills are more in keeping with the scenery 
of a nature reserve than that of a hotbed of scientific research, 

One should not underestimate the area, however. The entire state of North Carolina ranks 
third in the nation, behind Boston and California, for its number of biotechnology companies, 
according to Ernst and Young's 2006 Industry Survey, and nearly 400 bioscience companies 
albeit hidden behind pine trees —are headquartered or have operations in the state. The RTP 
itself is the largest planned research park in the world and contains more than 150 companies 
(132 R&D-related), employing about 40,000 people, and continues to expand, unbounded by 
geographical limits 


Research Focus 

The effort to transform the Raleigh-Durham region—and also the entire state of North Caro: 
lina—into a technology and research leader began in the 1950s. RTP, the focal point of that 
effort, opened in 1959, with its First tenant, Research Triangle International, now the nation’s 
second largest independent nonprofit research organization. The region is also home t 
eral blomanufacturing and pharmaceutical plants including Merck, GlaxoSmithKline (GSK), 
Wyeth, and Novartis as well as one of the largest concentrations of contract research organi: 
zations in the world 

Pharmaceutical and biopharmaceutical R&D is the leading industry in the area. In addition, 
three of the world's largest agribusiness companies— Bayer CropScience, Syngenta Biotech: 
nology, and BASF Corp.—have headquarters in the region. Other clu 
biological agents and infectious diseases, analytical instrumentation, nanoscale technolo: 
gies, and informatics. The area also accommodates a smattering of high-tech companies, 
Including IBM, SAS, Cisco, and Nortel. 

“We conduct our fair share of true academic and industrial research, but an area of sci: 
ence that is focused on here perhaps more than in other research intensive areas is biopro: 
cess science —the actual production and manufacture of biological therapeutics,” says Maria 
Rapoza, vice president of science and technology for the North Carolina Biotechnology Center, 
a government-sponsored organization dedicated to developing the biotechnology industry 
here. “It’s an exciting and lucrative area of opportunity for Ph.D.-level scientists,” she adds. 


rs of industry include 


Growth in Industry 

Opportunities for scientists in industry, at companies both small and large, abound. Biolex 
Therapeutics, a small company (just over 100 employees), is developing and commercializing 
therapeutic proteins based on its proprietary LEX System, an expression system that enables 
the production of hard:-to-make proteins and the optimization of monoclonal antibodies. “We 
are not only researching but also developing drugs,” says Jan Turek, CEO of Biolex, “and the 
development of these drugs requires people who have experience in both clinical drug devel 
opment as well as the manufacturing of those drugs.” 

Ona larger scale, GlaxoSmithKline (GSK), which has about 5,000 employees, is hiring sc 
entists with expertise in a number of different disciplines, including medicinal chemistry, bio 
statistics and bioinformatics, toxicology, pharmaceutical development, medical genetics, and 
clinical pharmacology, says GSK spokesperson Robert P. Sutton. Likewise, Talecris Biothera 
peutics is hiring in all areas of the organization, “from science and R&D to continued » 
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Regional Focus: North Carolina 


“We have a number of different 
mechanisms available to continue to 
keep this as an exciting and dynamic 
environment for research.” 

—Larry Reiter 


finance and manufacturing,” notes spokesperson Lacy McMahon. 
The growth at Talecris shows no signs of slowing down, says McMa- 
hon. “We added over 900 employees last year through an acquisition 
‘and hired several more on top of that. and we will be hiring more 
people next year as well.” 

By all accounts, the growth of the region is extensive. Within the 
last three years, 90,000 new jobs have been added to the 13-county 
region surrounding RTP, according to the Research Triangle Regional 
).. Recent biopharmaceutical additions to the area include 
‘$100 million expansion of the operations of Quintiles Transnational. 
In addition, both Novartis and Merck are building vaccine manufac- 
turing plants costing upwards of $200 million. Major planned expan- 
sions have also been announced by Wyeth, Novo Nordisk, GSK, and 
other companies. Fueling some of the growth are tax credits available 
for the purposes of job creation and property purchases as well as 
state-funded industria training for workers at local community col- 
leges, which make the area an attractive destination for companies. 


Local Government Agencies, 

RTP is also home to two major US government health and environ- 
mental agencies: the National Institute of Environmental Health 
Sciences (NIEHS) and the Environmental Protection Agency (EPA), 
making the area the largest concentration of environmental sciences 
research in the world, 

The EPA, perched on the side of a lake, directly opposite the 
NIEHS, has an army of over 2,000 scientists strongly focused on sci- 
entific research. “Many people and businesses attribute policy-mak- 
ing and regulation of pollution to the EPA,” notes EPA spokesperson 
Cynthia Yu. “But our focus here is more on improving the environ- 
ment through scientific research so that informed, evidence-based 
decisions can be made.” 

‘Across the lake, the NIEHS is planning its first outpatient clinical 
research unit to help bridge the gap between bench science and pa- 
tient care and which will provide training opportunities, especially 
for physician scientists, According to Perry Blackshear, director of 
clinical research at NIEHS, the unit ‘ude a modular bui 
of around 11,000 square feet where patients can have blood, urine, 
‘and other samples taken and can be assessed for a variety of envi- 
ronmental exposures. He says the agency is actively seeking tenure- 
track M.D./Ph.D. scientists to work in the clinical research unit. 

Notably, the EPA and the NIEHS ranked third and seventh, respec- 
tively, in.a 2007 survey of best places to work for postdocs, conduct- 
‘ed by The Scientist. The rankings took into account several factors, 
including training and access to state-of-the-art technology, avai 
ability of benefits such as health care, and starting salary. Starting 
salaries at the NIEHS and EPA are $42,000 to $65,000 and $45,106 
to $85,037, respectively, while the average annual salary of RTP em- 
ployees overall is about $56,000. 
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Collaborative Efforts 
A strong collaboration exists between industry, government, and the 
local universities in the area. “Having the opportunity to collaborate 
with a community of scientists is a real advantage,” says postdoctor- 
al trainee Jamie DeWitt, with the EPA's National Health and Enviro 
mental Effects Research Laboratory (NHEERL). “There's a scientist 
doing something of everything down here—you can explore any type 
of science you want.” DeWitt also points out that the scientists at 
EPA communicate regularly with scientists at NIEHS and work closely 
with industry. 

The immediate area surrounding RTP is home to three major uni- 
versities: Duke, University of North Carolina (UNC at Chapel Hill, 
‘and North Carolina State University. NC State is the largest school 
in the region, with an enrollment of nearly 30,000 students, and was 
ranked by MIT Technology Review as No. 12 in a national survey of 
technology-transfer strength, a measure, among other things, of the 
‘number of patents issued. 

RTP becomes the logical home to much of the technology spawned 
at local universities. The technology produced by Biolex, for example, 
‘was initiated at NC State. “Obviously since our technology came from 
‘one of the major universities here, it made sense for the company 
to establish its business nearby,” notes Turek. “This region is well 
known for its universities, s0 the ability to attract strong, research: 
oriented people has not been a challenge,” he adds, 

According to Marcia Harris, director of University Career Services 
with UNC-Chapel Hill, a number of advantages exist for UNC students 
due to the presence of multiple employers as well as professional 
associations and other universities. “The students here have a tot of 
resources available to them.” Harris estimates that about a third of 
‘graduating Master's and Ph.D. students from UNC remain in the im- 
mediate area after graduating. 

Talecris and GSK both say the universities provide an important 
resource in terms of conducting research and as a source of quali- 
fied people. The proximity of research universities ranked as the 
Triangle’s greatest strength while the availability and retention of top 
technical, nontechnical, and management talent registered as the 
most significant concern, according to one 2007 survey of RTP bio- 
science entrepreneurs. 

Larry Reiter, director of the National Exposure Research Laborato: 
ry (NERL) at the EPA, also points out that in addition to federal post- 
doctoral research programs at his institution, the EPA has developed 
‘cooperative training agreements with UNC, Duke, and others, allow: 
ing predoctoral students to do their thesis research under scientists 
‘at EPA. “We also bring in faculty members from universities that are 
interested in doing a sabbatical and working in our labs for up to 
two years. So, we have a number of different mechanisms available 
to continue to keep this as an exciting and dynamic environment for 
research,” he says. 

Likewise, the NIEHS offers its Summers of Discovery Program, a 
full-time, 8- to 12-week program during May to September, open to 
teachers and college faculty, graduate, undergraduate, and high- 
school students, which according to Blackshear, is a “good way to 
test out working at the institution.” 


‘Seeding Science 
While the RTP remains the focal point of scientific research in 
the area, smaller annexes are beginning to colonize continued » 
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‘around the state. Another emerging area, about 100 miles to the west of RTP, is the Piedmont 
Triad (Greensboro, Winston-Salem, and High Point). “The activity in the RTPregion is the fruit 
of over 20 years of investments,” says Kathleen Kennedy, vice president of education and 
training with the North Carolina Biotechnology Center. “We hope to start that again and clone 
this type of development in other regions around North Carolina,” she says. 

An intriguing story is the North Carolina Research Campus (NCRO) in Kannapolis, a small 
town just north of Charlotte, on Interstate 85 and a few miles south of the Piedmont Triad. in 
July 2003, the town of Kannapolis became the epicenter of the largest mass layoff in North 
Carotina’s history, when a Pillowtex Corporation plant was affected by a general slowdown of 
the state's textile industry; 4.800 workers lost their livelihood. But in December 2005, Rupert 
‘Murdock, owner of Dole Food Company, donated $1 billion to establish the research campus 
there. The NCRC, now under construction, will be devoted to the study of nutrition, crop devel- 
‘opment, produce development, and the genomics of nutrition, and will Include 350-acres of 
state-of-the-art laboratory space, Duke, UNC, NC State, and others all will have laboratories 
on the planned multibuilding campus. 

“Extensive opportunities for the training of residents, including laid off workers, will con- 
tinue to be available so that they can prepare for employment at the NCRC: the NC Community 
College System will have a training center on the Kannapolis NCRC campus for precisely this 
purpose,” notes NC Biotech’s Kennedy. “My guess is that the NCRC will change the shape of 
economic development in that region north of Charlotte and will help stimulate the develop- 
ment of research areas along the I-85 corridor.” she adds. 

‘Another research focus of the area is marine biology, scattered along the state's 300-mile- 
Jong coastline. “Many people are unaware of the wealth of marine research that is here in 
North Carolina,” says NC Biotech’s Rapoza. “We really have the equivalent of Woods Hole 
here —it's just spread over a number of different marine labs and institutes.” Duke Universi- 
ty's marine lab, for example, is located in coastal Beaufort and offers a year-round curriculum 
for undergraduates as well as research facilities for postdocs and faculty. 


An Agreeable Life 

Anumber of lifestyle factors make the area attractive to many people seeking to relocate, and 
the region has ranked high on a number of “best-of” lists. Raleigh-Cary was ranked as the No. 
1 Best US City for Jobs by Forbes in February 2007, and Raleigh was ranked No. 4 among the 
Best Places to Live by Money in 2006. The cost of living relative to other biotechnology hubs 
is particularly attractive, with an index score of 97.1 for the area, compared with 100 for the 
nation as a whole, 138 for Boston, and 173 for San Francisco, 

“The housing prices are much more moderate as compared to the Northeast or the West 
Coast, and it's a great place to raise families; the beaches are beautiful and only two hours 
away.” Turek says. “Everyone that we've brought to Biolex—from San Diego, from the North: 
east—really loves it.” 

“Employees here tend to like the fact that we're not a big cosmopolitan area,” says GSK's 
‘Sutton. “On the way to work you see trees and vegetation, not skyscrapers, and this tends to 
be a drawing card for the colleagues | work with.” Blackshear with the NIEHS agrees that the 
area is a “fantastic” place for raising families, and provides numerous job opportunities for 
spouses. “Those of us who have lived here for a while love living here,” he says. 

However, the same qualities that make the area a great place to live, also give rise to an 
important potential negative that could make or break the living experience for some, That 
isan undeniable smaller-town feel. While the community is, by all accounts, a cosmo- 
politan area replete with most of the offerings of a big city, the cities are, in fact, small, The 
‘most populous city in the state is Charlotte, with about 700,000 people, and the numbers 
decline from there. Blackshear relayed the story of a potential recruit to the NIEHS who came 
from a major East Coast city and spent the entire day looking at real estate with his wife. At 
dinner, the recruit’s wife asked, “This place is fine, but is there a city anywhere around here?" 
To which the most accurate response might be “maybe—have you tried looking behind the 
trees?” 


Emma Hitt is a freelance medical and science writer residing in Marietta, Georgia. 
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Appalachian. 


TATE UNIVERSITY 


FOUNDING DIRECTOR 
Research Institute for Environment, 
Energy, and Economics 


Appalachian State University invites applications and nomina- 
ons for the position of Founding Director of the Research 
Institute for Environment, Energy, and Economies, with a 
starting date as carly as 1 January 2008, The Founding Director 
ill report to the Provost, and work with various constituencies 
inall colleges and schools at Appalachian. Qualifications for 
this position include: 
Significant acad 
more of the Institute’s core areas or in a closely related 
discipline. 
Senior-level administrative experience, preferably in an 
or research center oF instit 
research by multidiseiplinary teams 


id research credentials in one or 


nd private sources for research in environment, 
and/or economics. Success in assisting others to 
funding for multidisciplinary research, 

Effective interaction with public, political and academic 

audiences, 


Appalachian faculty have built a reputation for solid bs 

and applied re: mn, and public programm 

environment, energy, and economics. In addition, Appalachian 

offers related graduate programs in biology. physics, public 
mand technology, and undergraduate programs 

sustainable developmen 
versity 

is committed to strengthenit 

developing the Research In: 

and Economies to encour, 

research, emphasize t 

and environmental studie: 


18S together faculty and students whose inte 
ests lie atthe intersections between and among these areas 


Appalachian State University (www.appstate.edu) is a 
member institution of the University of North Carolina 

stem, Located in Boone, North Carolina, Appalachian has 
approximately 15,000 students in undergraduate and raduate 
programs at the Boone campus and several distance education 
sites. Information about the proposed Institute and about Uin 
versity activities in energy and the environment is available at 
swan eb. appstate.edu/researeby, 


Applicants are invited to send a letter of applicatio 
current c.v., and contact inf n of five references. 
Completed applications in pdf or paper should be sent to 
resdircetor‘@ appstate.cdu with “Institute Director Search” 

ubject line, or to Institute Direetor Search, Cratis D. 
Williams Graduate School, Box 32068, Appalachian State 
University, Boone, NC 28608. Application review beyins on 
2 July 2007, continuing until the position is filled 


Appalachian State University ix an Equal Opportunity 
Employer: Women and minorities are strongly 
encouraged to apply 


(NCCU) has established the Bio- 
‘manufacturing Research Institute and Technology Enterprise (BRITE) 
Center of Excellence. BRITE will provide the pharmaceutical and 
biomanufacturing industry with skilled scientists who are prepared 
to pursue careers in biopharmaceutical science and management. The 
Golden Leaf Foundation Ine. has provided a grant of $20.1 million for 
the construction of the BRITE faci 000 square foot state 
of-art facility is curently jon, and scheduled to be 
‘completed by March, 2008. In 2005. the Golden Leaf Foundation Inc 
awarded BRITE for additional $1.$ million for laboratory equipment 
In 2005-2006, BRITE has purchased $4.6 million dollars laboratory 
‘equipment including S00 MHz NMR, Imaging station for high content 
sereens, FACS, TOF-MS, 


Asa component of the Noth Carolina Biomanufacturing and Pharma- 
‘ceutical Training Consortium, BRITE will offer education program i 

biotechnology and biomanufacturing atthe B.S.,.M.S. and Ph.D, levels 
in Pharmaceutical Sciences. This new degree program associated with 
BRITE at NCCU will enroll students in B.S. and M.S. degroes in fll, 
2007 and followed by a Ph.D. degree program currently in preparation, 
The graduate program will consist faculty members from BRITE, Biol- 
‘ogy. Chemistry and other science related departments at NCCU. 


Department Chair: Pharmaceutical Sciences currently seeks an inter- 
rationally recognized scientific leader as Professor and Chair of the 
Department of Pharmaceutical Sciences, This new institute has research 
‘programs related to drug discovery and drug manufacturing process. The 
dail rescarch strength can be viewed at hitp/rite.nceu.edu, NCCU 
is one of the 16 state funded universities. 


The new chair will have the opportunity to lead and expand this new 
department. Applicant must have a distinguished record of extramurat 
funding. strong leadership, and administrative skills and should promote 
alliances with other institutes within and outside NCCU to stimulate 
research with translational implications in various therapeutic areas, 
The successfil candidate must also be committed to undergraduate 
and graduate education, supporting the use of innovative educational 
technologies 


Other tenure-track faculty positions are available at all levels: The 
successful candidate will be expected to direct an independent research 
‘program supported by extramural funding. participate in graduate train- 
ing. teach graduate and undergraduate students and provide service 10 
‘the community, Candidates scarch interests in molecular aspects 
‘of signal transduction ark! model organisms in disease status that leads 
to drug discovery are especially encouraged to apply. 


NC: Applications are 

Professor positions at North Carolina Central Uni ly 

ated research programs located in the UNC Human Nutrition Institute 

‘on the North Carolina Research Campus (NCRC) at Kannapolis, NC, To 

learn more about NCRC, please visit www.nerescarcheampus.net. The 

‘successful candidates will be appointed to faculty positions in NCC 

Pharmaceutical Sciences at BRITE in the following areas: 

1. Medicinal Chemistry involves in organic synthesis, structure activity 
relationship (SAR) analysis and chemical library design. Experience 
of working in the drug design isa plus 
Transgenic plant using molecular biology to create functional foods 
‘will be the focus of research, 


(Other instructor and research associate positions are available at Ph.D. 
MS. and BS. levels, 


Al tenure track faculty positions are12-month appointments starting 
‘oa July 1 academic year. Review of applicants will begin immediately 
and will continue until the position is filled. Applicants should submit 
bby mail or email curriculum vitae, a description of research interests, 
‘and contact information for three references to: Search Commit. 
tee, co Administrative Officer, BRITE, North Carolina Central 
University, 1801 Fayetteville Street, Durham, NC 27707; Email: 
sjordan a ncewedu, 


NCCU is an Affirmative Action/Equal Opportunity Employer 
Minorities and women are encouraged to appl 
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GREENSBORO 


fate University 


Founding Dean, Joint School of Ni 


The University of North Carolina at Greensboro and North Carolina Agricultural & 
Technical State University invite applications and nominations for the position of Dean 
‘of a new Joint School of Nanoscience and Nanoengineering (JSNN). The JSNN is a 
Collaborative enterprise between the {wo Universities and will be housed in a new 
state-of-the-art facility at the Gateway University Research Park in Greensboro. 


We seek a visionary scientist with strong research credentials, a history of success in 
altracting outside funding, experience with technology transfer, and a record of 
‘accomplishment in developing and managing complex interdisciplinary programs. A 
Ph.D. in a scientific, mathematical, or engineering discipline with significant research 
contributions in nanoscience or nanoengineering is required. At least five years of 
administrative experience in an academic research environment is. preferred, 
although exceptional candidates with non-academic backgrounds will be given 
serious consideration, 

Please submit nominations and applications electronically to the Search Committee 
for Dean of the JSNN at maplater@ncat.edu. Applications (which will be kept 
confidential on request) must include an Administrative and Faculty Employment 
‘Application (found at hitp:/facultypages.ncat.edu/hr/), letter of interest, curriculum 
vitae, and names and contact information for five references. Inquiries may be 
directed to either of the Co-Chairs of the Search Committee: Michael A. Plater, Dean, 
College of Arts & Sciences, NCAT (maplater@ncal.edu) or Timothy D. Johnston, 
Dean, College of Arts & Sciences, UNCG (johnston@uncg edu). 


‘Screening of applications begins July 10, 2007, and continues until the position is filed. 
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For more information visit: http://facultypages.ncat.edu/hr/ 
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POSITIONS OPEN 


RESEARCH PROFESSOR 
DRUG DISCOVERY 


UNIVERSITY OF 
PENNSYLVANIA 
SCHOOL OF MEDICINE 


The Department of Pathology and Laboratory 
Medicine at the University of Pennsylvania's 
School of Medicine secks candidates. for 
a Full Professor positon in the non-enure 
research track. Applicants must have a PhO. 
o equivalent degree and have demonstrated 
excallent qualifcatons in Research 


Candidates must have _biatochnology/ 


pharmaceutical research experience in orug 
iscovery, especialy related to targets for 
eurodegenerative diseases, as well as the 


abiity 10 develop an independent research 
‘rogram inthis area, 


The University of Pennsylvania is an equal 
opportunity, affrmatve acton employer. Women 
‘and minorty candidates are strongly encouraged 
toapply 


ease submit curiculum vitae, alter of interest, 
3 reference lator, and a statoment of research 
interests to 


Cyndi MacLeon 
University of Pennsyivani 

‘Sch. Med., Dept. of Path. and Lab, Med. 
Maloney 3, HUP, 3600 Spruce Street 
Phila, PA 19104-4283, fax 215-349-5009 
‘macleon@mail med.upenn.edu 
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ASSISTANT/ASSOCIATE 
PROFESSOR 
NCCU Program in Human Nutrition 


nvited for tena 


toms e-track Assistant or 


fe Professor positions at North Carolina Cen- 


located in the UNC Hum 

North Carolina Research Campus (NCRC) at Kannapolis, NC. To learn 

more about NCRC, please visit www.neresearcheampus.net. The suc 

‘cessful candidates wil be appointed to faculty positions in NCCU's Julius 

L. Chambers Biomedical’ Biotechnology Research Institute (BBRI) in the 

following two areas: 

1, Transgenic zebrafish modeling to study the effects of natural products 
or drugs on organ development. Preference will be given to individu 
als whose research focuses « 
funet 

2. Mechanism-based cancer prevention using dietary or pharmaceutical 
agents, Preference will be given to individuals whose research focuses 
‘on oro-esoph genetically modified animal models. 


nervous system, cardiovascular, or GI 


The successful candidates will be expected to: establish extamurally funded 
research programs; collaborate with other North Carolina Reseaech Campus 
investigators studying nutrigenomics; and train graduate students in thei 
fields of expertise. Applicants must hold a Ph.D. and/or M.D., and have a 
record of research productivity 


Review of applicants will begin immediately and will continue until the 
position is filled. Applicants should submit by mail or email curriculum 
‘tae, a description of research interests, and contact information foe three 
referencesto: Connie Key, Julius L. Chambers Biomedical/Biotechnol- 
‘ogy Research Institute, North Carolina Central University, 700 George 
Street, Durham, NC27707, Email: chkey@ ncew.edu. For more informs 
tion about the BRI and NCCU visit http:/www.neeu.edwBBRL 


North Carolina Central University isa constituent institution of 

University of North Carolina System and an Equal Opportunity 

Affirmative Action Employer NCCU complies with the Imonigration 
Reform and Control Act of 1986. 


OTOLARYNGOLOGIST 


The Section of Otolaryngology - Head and Neck Surgery at 
Dartmouth-Hitchcock Medical Center seeks a board certified 
or board eligible Otolaryngologist for a full-time faculty posi- 
tion.The candidate should possess an interest in an academic 
career and in the education of medical students and resi- 
dents.This position will combine a general otolaryngology 
with a subspecialty practice in otology or pediatric otolaryn- 
gology. Fellowship training in otology! neurotology or pedi- 
atric otolaryngology is desirable. Research interests will be 
‘encouraged. Academic rank will be commensurate with qual- 
ifications and experience. 


Interested applicants are encouraged to send letters 
of inquiry and CV to: 


Daniel Morrison, MD, Chairman 
Section of Otolaryngology - Head & Neck Surgery 
‘Dartmouth-Hitchcock Medical Center 
‘One Medical Center Drive 
Lebanon, NH 03756 
‘Telephone: 603-650-8123 


f,, PakeTMOUTH-HiTcHCock 
Mepicat CENTER 


Dartmauth Hechcock Medical Center isan afierative action/eqal opportnity 
employer and especialy inerested in Wdentfying male and minoiy candies 


www.DHMC.org 


art NATIONAL INSTITUTES OF HEALTH 


Tenure-Track Positions 


NIDDK @) Liver Diseases Branch 


New Research Initiative ~ Fatty Liver Disease & Obesity - Tenure Track Position: 
‘The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), National Institutes of Health 
(NIH) invites applications for one tenure track position from scientists interested in basic and/or clinical rescarch involving non-alcoholic fatty 
liver disease and metabolic syndrome. Specific areas of research interest include pathogencsis and mechanism of metabolic derangement in non= 
Alcoholic faty liver disease and its pathophysiological link to insulin resistance and obesity. Priority will be given to applicants atthe Assistant 
Professor level in traditional universities or those finishing their post-doctoral fellowship positions. 


New Research Initiative ~ Liver Stem Cells- Tenure Track Position; 
The Liver Discases Branch of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), National Institutes of Health 
(NIL) invites applications for one tenure track position from scientists interested in basic andior clinical research involving mammal 
cas of research interest include functional differentiation and mechanism of development of adult tissue-derived stem cells, 
y those of the liver, and potential clinical application of stem cell therapy in liver diseases. Priority will be given to applicants at the 
Assistant Professor level in traditional universities or those finishing their post-doctoralfetlowship postions. 


The applicant must have a proven record of accomplishments and will be expected to propose and pursue an independent research program in one 
of these fields. The position offers unparalleled opportunities for interdisciplinary collaboration within NIDDK and throughout NIH. The Liver 
Discases Branch of NIDDK is located on the main intramural campus ofthe NIH in Bethesda, Maryland, a suburb of Washington, D.C 


Interested applicants should send a Curriculum Vitae and list of publications, copies of three major publications, a Summary of research accom 
plishments, «plan for future research, and three letters of recommendation to Ms Michelle Brown, Search Committee, Liver Diseases Branch, 
NIDDK, Building 10-9816, NIH, Bethesda, MD. 20892-1800. Application deadline: September 15, 2007. 


NIAAA Tenure-Track Position Available 


-The National istute on Alcokol Abuse and Alcoholism (NIAAA). a major research Postdoctoral, Research 
component ofthe National tints of Heal (NI) and the Deparenent of Heath 


i Secdn on Nenoal Seantyega he Laon lr tape Nowe and Clinical Fellowships 
at the National 


vce af NIAAA 
Aplicans shold bold PAD. andor MD epee nd have at eas yas of pos 
anon reerc eapernce. Tas wih Cate emck pation Remeh a bie A 

setkon wll eu on sowonil rcrphoko sig! plsticiy and acwrona incon Institutes of Health 
invlaion development okcton an terpliga orders Nisentsiened at 

tha Seton Chie wi cary ou tes surtig ince nd temper orbs 

intacelr ecerophy ley, ed htemewoes! Cae baie, wing ena 

mol of win ncuting eb oder, end Riedy edelogia Suds 


Criteria for selection will include documented expertise in ouliphoton microscopy and www.training.nih.gov/pdopenings 
lascrhased uncaging. quantitative mesauramnt of subcclular mompholoy, acs!- 


ular calcu measurement ad patch-clamp lectophysiology intrasn se. well os 
Sema cuomeading pullcion card Pci hens ftechces Sr espa www.training.nih.gov/clinopenings 
Shcok coeeiee mcka oh upmoeased eeapeea wenn 

be hip dedeteeompoon ef ven ata tl, Aca of pete 

ese hepa bec Nontngand acs ac posal Oru Train at the bench, the bedside, or both 

fraspite peter ryrearatrory pant onnp severe Ul Mama lll ch Rael hace el | 
Seon. Ajobtpyobtnen! wi he Neto esau of Newalogcd Dimes | 
dSroteecvoluieorsuabecanadnes, Iroted canada shook sen 

CV.tntorpebicaons abet earch propos! tere plea rscrch 


interests and proposal! for establishing an independent rescach program, and names 
of thre individuals who could be contacted for reference to: Dr. Stephen R. Ikeda, 
‘Chair of Search Committee, NIAAA, S625 Fishers Lane, Ri. TS-IA, MSC-9411, Office of intrmural Training and Education 


Bethesda, MD 20892-9411; (301) 443-2807; Fax (301) 480-0466, Bethesda, Maryland 20892-0240 
Applications must be recived by June 22,2007, 800.445.8283 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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University ot Bergen 


smpus are infact situated in th 


tres of Excellence (CoE). The Un 


Professor in Marine Organismal Biology 
at the Department of Biology 


The professor will work on marine invertebrates bridging the fields of 
evolutionary and developmental processes, systematics, phylogeny and 
evolutionary history using a combined approach accumulating data from 
many different fields. Start-up funding will be made available to help the 
successful candidate quickly becoming established in the position. 


More at www.uib.no/stilling and http://www:bio.uib.no/pages/home.php. 


‘Submit application in 5 copies, sorted into 5 bundles, 
to the Department of Biology, University of Bergen, 
PO Box 7803, NO-5020 Bergen, Norway, 

by 18 June 2007, 


SLU (the Swedish University of Agricultural 


Sciences) develops learning and expertise in areas concerning 


‘our planet's living natural resources. www.slu.se 


The Faculty of Natural Resources and Agricultural Sci 
is the largest of the four faculties of SLU. Our area of activity 
covers a wide range of disciplines, spanning over agriculture 
fou 

‘and landscape planning. Our 18 departments are organised 
in four clusters. 


and biotech to natural resources, environment 


The faculty office and most of our deparnments are located 
in Uppsala, 65 km north of Stockholm 


SLU (The Swedish University of Agricultural Sciences) hereby anno 
the vacancy 


nices, 


PROFESSORSHIP IN STRUCTURAL MOLECULAR BIOLOGY 
at the Department of Molecular Biology, Uppsala, Sweden. 


Ref no 1653/07 


More detailed information concernin 


this position can be obtained from Professor 
Inger Andersson phone no +46 18 - 471 42 88, cell phone +46 (0)70 - $20 S101, fax 
+46 18-536971, e-mail Inger Andersson4emolbio.slu.se TI 

department are found at http://w: 


¢ mission and activities of 1 


The complete announcement can be fou //personal.stu.se/job as well as 
Appointment Procedures for SLU and a set of procedural directives pertaining to the 
application process. The outline used in these documents should be followed in the 
personal recordilist of qualifications and publications. 


An application, marked with the ref no should be submitted to 
P.O, Box 7070, SE-7 
should be in Eny 


¢ Registrar of SLU 
0.07 Uppsala, Sweden. no later than July 06, 2007. The application 


Associate Laboratory Director 
for Basic Energy Sciences 


Brookhaven National Laboratory (BNL) is 
secking candidates for the postion of 
Associate Laboratory Director of hs Basic 
Energy Science Directorate BES). This 
Directorate is one of five science Dectorates at 
the Laboratory and contains both major 
research and faliy sectorsinduding 
(Chemical Sciences Condensed Mater Physics 
‘Materials Sciences and the Center for 
Functional Nanomaterials (CFN) user research 
facilty. The annwal budget ofthe Directorate 
isabour $50Mwitha staff of over 160. 


The Associate Laboratory Director (ALD) is 
responsible forthe scientific and managerial 
leadership ofthe Directorate, He/she reports 
tothe Laboratory Director. The successful 
‘candidate must have a PRD. degree anda 
distinguished research careerin the physical 
sciences accompanied by proven experience 
Inthe management ofa mid-sized research 
for BNL isinterestedin candidates who 
will develop intemationallyleading programs 
that are aligned with the mission of the 
Department of Energy.and who will maintain 
and enhance a world-class scientific and 
technical staff, The ALD isthe primary contact 
with BNLS programs and facility sponsors, 
principally the US. Department of Energy 


The ALD participates atthe Directors level in 
the Laboratory wide planning for new 
programs andl user facies and has ine 
responsbilty for safe and ervicormentaly 
‘sound operation of hivher program Recent 
areas of BES scentfcocusinchude nanoscence, 
Catalysis strongly comelated and complex 
systems interface of Me and physical scenes, 
{and photo/radation chemistry & chemical 
dynamics. New programs are developing at 
the Laboratory levelin renewable energy 
and energy efiiencyn the facies sector, 
the focus willbe onstart up and transition to 
operations ofthe Center for Functional 
Nanomaterials asa major research and user 
fact with scenticthstsinnanccatalyss, 
biological & soft nanomaterials and 
electronic materials among others. The BES 
Directorate has,and wil continue to play an 
important role nthe development and use 
‘of BNLS Nationa Synchrotron Light Source 
ILEmphasis wll ako be applied to coupling 
BES programs to those in the other BNL 
Directorates, inducing the Life Sciences and 
Energy.Environment and National Security 


Siac US primentof Enos Aetna fe 


Satchel hen rb lor 
‘Sie Willan Hoping Hao Ress Di, 


NATIONAL LABORATORY 


Twbnigov 


EMBL :: 


The European Molecular Biology Laboratory (EMBL) is an international research organisation with its 
Headquarters Laboratory in Heidelberg, Germany and four additional Units in Hinxton (the European 
Bioinformatics Institute, EBL), Grenoble, Hamburg, and Monterotondo. For our Outstation in Grenoble 
we have a vacancy fora 


Team Leader 


Synchrotron Methods for Structural Biology at EMBL, France 


jenceCareers.org 
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‘We are looking for a structural biologist who has @ focus on advanced crystallographic 
‘methods and instrumentation, particularly with relation to synchrotron radiation. The appointed 


‘Team Leader will manage, together with the Head of Outstation, the long-term collaboration EMBL is an inclusive, equal 
between the EMBL Grenoble Outstation and the European Synchrotron Radiation Facility ‘opportunity employer offering 
(ESRF) conceming the development and operation of the automated protein crystallography attractive conditions and 
beamlines. He/she will oversee the activities of the three existing EMBL beamline scientists benefits appropriate to an 
‘currently responsible for the dedicated microfocus beamline 1D23-2. the MAD beamline international research, 
1D14-EH4 and the CRG beamline BM14 (co-operated with MRC-France) as well asa SAXS organisation, 

beamline scientist currently under recruitment. He/she will collaborate in particular with the 

Outstation Diffraction Instrumentation team led by Florent Cipriani, which has developed To apply, please email a 
state-of-the-art sample handling equipment currently installed on all ESRF MX beamlines curriculum vitae, three. 
(microditfractometer, sample changer, minikappa) and with the ESRF MX group led by Sean _references and a concise 


McSweeney. He/she will develop a research programme focused on advanced crystallographic description of research 


methods and instrumentation coupled to structural biological problems or more generally on interests and future plans 
new synchrotron techniques that might have an impact in biology and which take advantage quoting ref. no. S/07/065 in 
‘of the unique environment at the world-leading 3rd generation synchrotron site in Grenoble. _the subject line, to: 
application@emblide 
Further information on the position can be obtained from the Head of Grenoble Outstation 
(cusackttembi-grenoble.). 
Sen Cees Mf www.embl.org 


BRA EAR 


National Health Research Institutes 


MIS Maine Medical Center 
Rl RCH INSTITUTE 
Scientist/Postdoctoral 
Position(s) in Progenitor 
Cell Biology 
Opportunities exist to assume a lead role in Institute-, NIH- and 


corporate-sponsored investigations of I/ erythroid progenitor 
Cell development (including novel Epo action modes a 


National Health Research Institutes (NHRD, Taiwan 


Applicants and nominations are invited forthe position ofthe Director of 
Medical Engineering Division atthe National Health Research Institutes, 
‘Taiwan. The Director is responsible for supervision of ll research programs 
the Division, as wells research collaborations with other Divisions 
and institutions. The prospective cannidate should have strong organizational, 


Fesponse factors): 2/ newly discovered tyrosine and SIT kinases ‘contenunicative, and interpersonal skills and ability to interact effectively 


‘with hematopoietic suppressor activities: and 3/ the mature (and 
action mechanisms) of niche-specific cell migration and adhesion 
factors involved in hematopoietic cell development. 


‘Approaches include unique transgenic and knockout mouse 
models: systems for primary cell development ex vivo transcrip- 
tome analyses and bioinformatics: nd human CD34 cell & lend- 
viral RNA\ systems. Opportunities also exist for participation in: 
studies of small molecule inhibitors & cytokine mimetics: human 
patient samples/soudies; and graduate & undergraduate instruc- 
tion, Resources include subsidized cores in: Progenitor Cell 
Separation and Analysis; Genomics & Bioinformatics: Transgenic 
mouse construction; Lent and retro-virus production: Confocal 
microscopy and cell imaging: DNA & protein sequencing: 
Histopathology: and high resolution MR. 
Benefits, salary and resources are nationally competitive 
and positions are within the laboratory of DM 
‘Wojchowski at the Maine Medical Center Research 
Institute (www.mmeri.org). Please provide CY, state- 
ment of research interests, and professional reference 
‘contact information via your online application at 
‘weww.mme.org. 

The Mainetlealth Family, EOE 


With others atall levels inside and outside of NHRL Applicants should have 
a doctoral degree in biomedical engincering or a closely related discipline, 
land have demonstrated a successful record in conducting a vigorous. 
independent research program in any ofthe broadly defined areas of biomedical 
‘engincering. includ bofluid mechanics, cellular and molecular biomechanics, 
‘biomaterials and functional issve engineering, biological system model 
‘molecular imaging. medical imaging and image guided surgery, robot. 
assisted surgery, and bioMEMS, 


Applicants should also be familiar with the scientific and medical community 
in Taiwan, proficient in the Chinese language, and capable of working 
cffectively inthe escarch environment under cument circumstances in Taiwan 


Applicants should send a complete curriculum vite, three reprints of selected 
‘publications. a statement of research interests (two Ad pages or less), and 
imamevaddresses of five references 


‘Search Committee for the Director of MED/NHRI, Department of 
Research Planning and Development, National Health Research 
Institutes, 35 Keyan Road, ZhuNan Town, Miaoli County 35053, Taiwan, 


“The search will remain open until the position is filled. NHRI is an equal 
‘opportunity employer. Women and non-Taiwan citizensare encouraged to 
apply. 


ienceCareers.org 
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Situated in Belgium in the heart of Euroge, the Katholieke Universiteit 
Leuven (hutp://www:kuleuven.be/english) has a rich tradition of research 
and learning of almost six centuries, with a clear intemational orientation. 
“The annual rescarch budget is around 230 million euro, and the scientific 
staff counts over 5,300 researchers. 


‘The Group of Science, Engineering and Technology at K.U, Leuven inv 
applications for 15 vacant academic positions at the level of professor or 
associate professor in: 
Differential Geometry 

Experimental Semiconductor Physics 
Structural Inorganic Chemistry 
Conformational Analysis 
Plant Systematics 
Rational Use of Electrical Energy 
Mathematical Engineering 
Industrial Biotechnology 
Process sation 
Energy in Buildings 
Building Materials and Construction Techniques 
Bacteriophage Genomics and Proteomics 
Design of Catalysts and Catalytic Reactors 

canomics and Policy of Natural Resources in Developing 
‘Countries 
Secure Software 


In addition a limited number of research professorships is open for 
excellent candidates wih a high «quality research programme. 


Detailed descriptions of these profiles and information on how to apply 
‘ean be found at itp: //gexaete-kuleuven.be/vacancievvacancies htm 
‘The deaaline for applications is 28 September 2007, 

For further information contact: Els Lemmens, director of management 
Group Science, Engineering and Technology, K.U.Leuven, telephone 
+32 16 32 81 Si, e-mail elsiemmens@gexacte kuleuven.be 


Assistant, Associate or Full Professor 
Department of Dermatology 
University of California, Davis 


The Department of Dermatology at UC Davis is seeking an experi 
enced researcher for a state-funded tenured position. Candidates are 
pected to engage in research and teaching activities, The candi 
should haye an MD, PhD. or MD/PhD degree and a background th 
includes substantial time spent at an academic medical center with a 
strong extramurally funded rescarch program. Preferential consideration 
iven 10 those with a research background in inflammation, 
‘cancer, oF tissue regeneration. Preferential consideration will also be 
cal taining in dermatology. The successful 
‘candidate will have demonstrated academic scholarship in the form of 


publications in major peer-reviewed joumals and record of continued 
‘extramural research funding. 


For fall consideration, applications must be received by July 31, 
2007. The position will remain open until filled through Decemb 
31, 2007, 


IFimerested, please respond by sending a curriculum vitae and letter 
of inguity to: 


M. Yasner 
Department of Dermatology 


The University of California prohibits discrimination against or 
harassment of ans person employed by or secking emplosment with 
the University on the basis of race, color, national origin, religion, 
sex. physical or mental disability, medical condition (cancer-related) 

‘ancestry; marital status, age. sexual orientation, citizenship or status 

‘as a Vietnam-era veteran or special disabled veteran. 


MOREHOUSE 
SCHOOL OF MEDICINE 


The Morchouse School of Medicine is seeking a Chair fo its Depart- 
‘of Pharmacology. The successful candidate will be 


nally 
for continu 
and education missions. Canuidates (Ph.D. or M.D.) with: 
‘of rescarch in any area of the pharmacological sciences will be coasid 

terpersonal skills, seiemlfic leadership, and comanit 
toring junior faculty are essential. Credentials appropriate 
nk of Professor are required. Areas of ongoing rescarch foci 


cology and neuroscience. Additional information is available at ht 
Jseb.msm.edwPharmacology/. Opportunities for collaboration and 
program development within the institution are available through the 
Cardiovascular Research lastitute, Center for Reproductive Science, 
Neuroscience Institute, Clinical Research Cemer, Cancer Biology 
Program, and other basic and clinical departments. The Department of 
Pharmacology contributes to the curriculum of the medical education 
program and (othe training of graduate students through the interdis- 
ciplinary Ph.D. program in Biomedical Sciences. 


Interested applicants should submit a curriculum vitae, names and con- 
tact information for at least three references, a statement of research 
interests and academic vision, and a summary of administrative 
experience either electronically (gwaymon(@ msm.edu) or by mail 
Dr. David R. Mann, Chair, Pharmacology Chair Search Commit- 
tee, Room 317 Medical Education Building, Morehouse Schoo! of 
Medicine, 720 Westview Drive, SW, Atlanta, GA 30310. Review of 
‘candidates will begin as applications are received and continue until 
the position is filled 


The Morehouse School of Medicine is an Affirmative Action 
Equal Opportunity Emploser. 


CENTRAL DRUG RESEARCH INSTITUTE 


(Council of Scientific & Industrial Research) 
Chattar Manzi Palace, P.O. Lucknow-226 001 (India) 


Applications on the prescribed forms aro invited from the persons | 
lof indian nationality for the following posts in Central Drug Research 
institute, Lucknow, India, 


| Scentist Gr, 1V(3): One post : (Scale of Pay : Rs 12.000-375-16,5004): 
For Parasitology Division) Essential Qualification : Ist Ciass M.SC. of 
lequivalent in any branch of science with Ph.0. in Biochemistry and 
Molecuiar Biology of Parasites and atleast 4 years research experience in 
the area of Malaria Biochemistry and/or Immunology as evidenced by 
high qualty of publications in high impact nationalintemational journals, 
This is an independent group leader position where the candidate is 
required to undertake studies on development of newer drug targets and 
Jor novel therapeutic methods in the area of malaria. 
| Scientist Gr.1V(2): Fifteen posts: Scale of Pay : is. 10000-325-15200/) 
Post No. 1 (for Pharmacology in the area of Biochemistry and Molecular 
Biology of Diabetes); Post No. 2 (for Pharmacology in the area of] 
[Brochomisty and Molecular Biology of Lipid disorders): Post No. 3 (or 
Pharmacology in the area of Cardiovascular Pharmacology); Post No. 4 
(tor Parasitology in the area of Biochemistry and Molecular Biology of 
Malaria): Post No. 5 (or Microbiology inthe area of Molecular Immunology): 
Post No. 6 (for Microbiology in the area of virology); Post No. 7 (lor 
[Pharmacokinetics in the area of drug metabolism & pharmacokinetics 
including development of bio-analytical methods as per regulatory 
requirements); Post No. 889 (lor Medicinal & Process Chemistry in the 
area of synthetic chemistry); Post No. 10811 (or Medicinal & Process 
Chemisty in the area of Natural Product Chemistry); Post No. 12{for Protein 
NMI (MSB)]; Post No. 13{for NMR (SAIF)]; Post No. 14{forBroinformatics 
|(4SB) in the area of Bioinformatics and computational biology] & Post 
No. 15 : (For Toxicology inthe broad area of toxcologyfoxicogenomics.. 
Foc dtaled information Websie http her. cerindia.orasituationy 230 | 
maybereleredio, 
SINTERIM QUERIES WILL. NOT BE ENTERTAINED" 


Ag Mesiginia inert 
ROBERT C. BYRD HEALTH SCIENCES CENTER 


Wyeth Research Scholar 
Associate Professor or Professor 
Director of Stroke/Cerebrovascular Research 


‘West Virginia University invites applications and nominations forthe position of Wyeth Research Scholar and Director of Stroke/Cerebrovascular 
epidemiology, 


Research, The successful recruit will be expected to build a vigorous research program into the causes and prevention of stroke, inclu 
treatment of stroke and/or molecular mechanisms for repair of the damaged brain tissue. This research effort will complement an existing comprehen 
clinical stoke program and help anchor a new Clinical and Translational Neuroscience Initiative organized through the Center for Neuroscience (h 
I part of a new Health Sciences Center Strategic Research Plan (SRP; Science 09/08/06, 313:1461), 
ty recruitment and expansion of research training for doctoral students and clinical fellows. The Director will bea member of the 
Center for Neuroscience and have an appointment as Associate Professor or Professor in the Department of Neurology (bttp://www.hsc.wvu.edu 
som/acurology). Joint appointment in either the Department of Neurosurgery, Department of Emergency Medicine, or Department of Neurobiology 
and Anatomy is encouraged, pending training and research interests. The Director will receive research space, start-up funds, and a competitive salary. 
Recruitment of additional faculty is envisioned to develop a research team. 
Candidates should have an MD andor PAD degree, a strong record of funded research, transferable NIH ROI funding. and a commitment to mentoring 
aduate students and junior faculty. Translational and basic esearch is supported by existing core facilities that include the Center for Advanced Imaging 
(structural and functional MRI and PET/CT imaging) and Molecular Genetics Core units (Gene Array and Transgenic Rodent Facilities), Collaborative 
‘opportunities also exist with faculty inthe Center for Cardiovascular Research (http://www.hse.wvu.cdu/cires), 


‘West Virginia University isa tand grant Camegie-designated Doctoral Researely- Extensive ly 
$,$00 graduate professional students. The Health Sciences Center includes the Schools of Medicine, Pharmacy, Dentistry, and Nursing. each with health 
professional and graduate programs. Two new research buildings totaling 200,000 sq ftare curently under construction on the Health Sciences campus to 
Jude a 460-bed University Hospital Ruby Memorial) with 9 
new, NO-bed addition, and an adjacent 70-bed psychiatric hospital (Chestnut Ridge). Morgantown is rated as one of the best small cities inthe U.S, with 
affordable housing, excellent schools, a picturesque countryside, and many outdoor activities (http://w W.morgantown.com), 
Candidates should send a leter summarizing research interests and carver goals, curriculum vitae and the names of three references, in confi 
clecroncaly (c/0 stinegani@hsewv eda) orby malo: Dr. George Spicoa Stroke/Cerebrovascular Research Search Comte, WVU Health 
Sciences, PO Box 9304, Morgantown, WY 26506, Review of applications will continue until the position i filed 


Wiest Virginia University is an Affirmative Action/Equal Opportunity Emplover: 


Faculty Position in Ocean Sensors 
Scripps Institution of Oceanography 
University of California, San Diego 


‘The Scripps Institution of Oceanography (SIO) (http://seripps.uesd.edu) at the University of California, San Diego (UCSD) 
invites applications to fill one or more positions at the Assistant (tenure-track), Associate or Full Professor (tenured) levels in 
fields related to the research on, and development of, ocean sensors, with particular emphasis on sensors for biological and 
chemical variables, We seek an innovative individual who will establish a vigorous independent research program that comple- 
‘ments established capabilities at Seripps, 


The successfil candidate will be expected to teach graduate level courses, and will be encouraged to 
ate teaching at UCSD. The position requires a Ph.D. degree and a competitive record of publication as well as eviden 

the ability to conduct and fund an active research program and, for more senior candidates, of the ability to mentor graduate 
students and junior colleagues. The salary will depend on the experience of the successful applicant and will be based on the 
University of California pa 


Review of applications will begin July 16, 2007. and will continue until position(s) are filled. Applicants should submit their 
CY. a letter including descriptions of research interests and teaching interestsexperience. a list of publications, immigration 
status, and the names of at least five potential referees, along with their complete institution address, email address, phone and 
fis numbers, to: Chair, Ocean Sensors Search Committee, 0208, Scripps Institution of Oceanography, University of Cali~ 
fornia at San Diego, La Jolla, CA 92093-0208, USA. Please clearly’ label applications “Ocean Sensors Search”. Applicants 
are welcome to include in their cover letter a personal statement summarizing their contributions to diversity 


UCSD is an Equal Opportunity Employer with a strong institutional commitment to excellence through diversity 
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PostDoctoral Fellowship in Molecular 
Neurobiology 
ENDOCYTE Training, Network 

ENDOCYTE is a multidisciplinary Research and 
Training Network (RTN) funded by the 6% 
Framework Programme ofthe European Union. 
Members of the ENDOCYTE network are 
investigating the relevance of the intracellular routes 
Of growth factor signalling fof the regulation and 
diversification of growth factor function, 


‘Tocomplete this Network. the Consortium is seeking 
an enthusiastic and highly motivated PostDoctoral 
fellow to joifthe laboratory of M. Fainzilber at the 
Weizmannlgilligel Science (Rehovot. Irae 
For further information on research lines inthe host 
laboratory please see http://www.weizmann.ac.iV 
Biological_Chemistry/scientist/Fainzilber/ 
‘ainzilber.html 


For a full.description of the project and further 
details of ENDOCYTE aims and training, please 
see http://www.endocyte.kise 


Applications should be addressed to 
mike.fainzilber@ weizmann.ac.il 
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University 
Case MeSeal Cater? 


Chief, Endocrinology and 
Director, of the Diabetes Center 


“The Department of Medicine at Case Westem Reserve University 
of Medicine and University Hospitals Case Medical Center is seeking, 
applicants for Chief, Division of Endocrinology and Director of the Dia- 
betes and Obesity Center. The Division has 1$ full-time faculty members 
providing patient care at University Hospitals Case Medical Comer, the 
Cleveland Wade Park Veterans Administration Hospital, and outpatient 
‘tellite centers. The Division has current, robust basic, translational and 
clinical research programs. lis educational program includes University 
Hospitals Case Medical Center and the Wade Park Veterans Admin- 
{stration Hospital, with $ fellows. The successful candidate will have 
an outstanding record of scholarly achie 

funding. along with proven leadershi admin: 
istrative abilities. He’she should qualify for the rank of Professor with 
tenureat Case, A strong commitment to continuing to lead the Division 
{in national prominence through building interdisciplinary programs as 
Diabetes and Obesity Center Director is expected, 


Interested candidates should submit their curriculum vitae and a letter 
describing their research, teaching, service and administrative experience 
to: Robert A. Salata, MD, Chair, Endocrinology Division and Diree- 
tor of the Diabetes and Obesity Center Chief Search Committee, 
Chief, Infectious Diseases, Department of Medicine, Case Western 
Reserve University, University Hospitals Case Medical Center, 11100 
Euclid Ave., Cleveland, OH, 44106-5083, Electronic format preferred 
(or robertsalataa ease.cdu. 


Case Western Reserve University/University Hospitals Case Medical 
Comer are Equal Opportunity/Affirmative Action Employers, 


www.cardiff.ac.uk/jobs CARDIFF 


UNIVERSITY 


PRIFYSGOL 


CAERDYD 


Positions in Microbiology (2 posts) 
Cardiff School of Biosciences 


Cat School of Boxcerens, ore of te largest hacence depaverss in re UK, 
\wth on estar reputation fr wach and research, secs 0 acport up 102 
{uty tenured postions n Mocbdogy wid te lange fam Lecturer to Protessoc 
‘We ato ect research active st ofthe highest cal wto can corte 0 
the Schoo's srange ariators and feito riecisinar cfsborton win Pee 


research aos ted to Mercbdog win the Schoo ee htpwwmcarac A 
Dosiresearch) and across he Unies. 


Further details of the Schoots learn and teaching can be found at 

tp:tworccarflac abst Windoxhtnt 

‘Satay: 

Lecturer: £33799 - £30160 por annum (Grade 7) ~ Vacancy na. 369 

‘Sari Lacturer: £40335 - £46758 per anrum (Grade ® - Vacancy no. 370 

Professorial: Negotiate and nationally competiive wai the Cardi 

Professoil range ~ Vacancy no. 37 

Informal enquties can be made tothe Head of Schoo, Professor John 

Horwood a Harwood.eardft2edk ot the Head of the Microbiology 

Research Group, Professor Ancrew Weightman at Weightman<2carcf- ace 

‘To work for an employer that values and promotes equality of eppartunty. 
ak vcard ijobatlopone + 44 (0) 29 2087 4047 or emul 

_vacaneiex@eardftac.uk for an appcaton form quoting the relevant 

‘cancy number 

Pease indude fl details of pubcations and research gyant income 

(as relevant and an indication of your research pans. A covering tttar of 

“applicton, setting a personal career axpratins and the pon carer) 

held bythe appicant mast be atached. 

(losing date: 27 ty 2007 


Waseda Institute for Advanced Study 


Tenure Track Program 


Waseda Institute for Advanced Study is currenty recruiting researchors 
(fixed-term faculty) for the tenure track program outlined below. 


Research Fiekis to be invited: 
Computer Science 
‘etercton, Parle! & Ostroved Processing, Robotics 
Mode Mechanical Engneering 
‘System ltegration. Salty, Dependatity, Robotcs, Boengineering, Enwonment 
(Chal and Environmental Engineering: 
‘Sustanabie asrcture, ister Preventon and Miigation, Life Span System, 
Intasractur and Area Management 
Physics & Appled Physics: 
Condensed Mater Prysecs. Potones and Inlormation Engneenng, Mathematca! 
‘and Statatcal Pryscs Asttophyses, Nucear and Pare Physics, Bophycs 
Applied Chemisty 
‘Energy Chematry, Functona Materals Chama, Functions Materials 
Engneenng 
Period of appointment: 
From November 1, 2007 (planned) to March 31, 2010 
can be renewed annualy (up 1 a March 31.2012 a the longest depending 
pon the rons of perormance revews. In FY2011 te researches judge 10 
‘Be elgbie following al appraisal. hey wi be empcyed as tenure (ume) 
facut rom Apa 2012, 
Appicants must have a doctorate or equivalent. However, itis desirable 
for the doctorate to have been obtained within 10 years of November 1, 
2007. Further details and application forms can be obtained from our 
‘website: www waseda jpiwiaslenglish 
Contact wias-info@listwaseda jp 
‘Applications should be sent tothe folowing address: 
Waseda Institute for Advanced Study 
attention: Researcher Employment 
1-61 Nishiwaseda, Shinjuku-ku, 
Tokyo 169-8050, Japan 
w 


Closing Date: July 24, 2007) 
‘5pm (Japan time) 


waseda.jp. 


S 


‘The European Commission, Directorate General Joint Research Centre URC), is seeking to recut (m/?) 


DIRECTOR (race aor) 


INSTITUTE FOR ENVIRONMENT AND SUSTAINABILITY IN ISPRA (JRC.H) (COM/2007/10050) 
‘Official Journal n° C126 A ~7 June 2007 


We are the Joint Research Cente: our mission isto provide customer-driven scientific and technical support for the conception, 
development, implementation and mentoring of EU poles IRC comprses 7 research stitutes spread across sites in Europe. 
‘We have a staff of 2,700 and an operating budget of € 300 M per annum; our core competence areas are food, chemical 
products and heath; envionment and sustainabity, nudear safety and secutity and horizontal activities such as reference 
Imatenal and measurements, techno-economc foresght. public secutity and ant rau, 


We propose: a post of Director ofthe institute for Environment and Sustainability URC-H —ISPRA), The mission ofthe Institute 
for Environment and Sustainabilty (IS, htp://es jc cec eu int) to provide scentfc and technical support to EU poles for 
the protection ofthe environment contrbutng toa sustunable development in Europe. fs core activites are: Sustanable Use of 
Natural Resources, Sustainable Agriculture ard Rural Development, Climate Change Mitgation and Adaptation, Environmental 
Risks and Natural Hazards; Sustanable Transport and Air Qualty, Renewable Energies, Environmental Dimension of Development 
Cooperation; Envccnmental information and Mentoring Systems 

The Director i responsible fo the overall management ofthe Insttute and has delegated financial and recrutmentresponsbilties 
for the complete budget and staff of thet msbtute. The wsttute has some 450 staff and an annual budget of ca € 40 milion, 
The Director willbe member ofthe JRC senior management team and contibute to the overall development and implementation of 
the JRC mission. He/she wil in addition be expected to provide strategic orientation for and coordination of activities across 
the whole of the JRC related to envionment and sustainabity saves, 


Applicants must: » be a national of one ofthe European Union Member States hold a univerty degree that gives access to 
Undertake doctoral studies; © have a least 15 yeas’ postgraduate professional experience ata level to which the qualifications 
referred to above give admision. at last 5 years ofthat profesional expenience must have been gained at hgh level management 
experience, » have a thorough knowledge of one of the EU offical languages and an adequate knowledge of 

another of these languages Candidates should note that the selection procedures willbe carried out 

in Engish, French or German only 


The European 


Commission 


Sy 
8 
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//ec.europa.eu 


http 


The closing date 
for application is The Director wil be selected and appointed bythe Commission according to is selecton and recruitment 
S July 2007, procedures. Salaries and canditvons of employment are those lid down inthe Staff Regulations for AD 14 


{rade offical ofthe European Communities The Commission applies an equal opportunities policy. 
The link to the on-line application at which you can find (ull jb description and the selection 
‘aritena's. http/iec europa.euldgs/personnel_administration/seniormanagementvacancies/ 
CV-Encadextindex.cfm. If you encounter techoical problems, please send an e-mail to 

‘ADMIN: MANAGEMENT. ONLINE@ec europa eu 


(On-time application 
will not be possible 
after 12,00 noon 
Brussels time 


Office of Naval Research 
HEAD, WARFIGHTER PERFORMANCE 


CELL & DEVELOPMENTAL 


S&T DEPARTMENT 


The Office of Naval Research (ONA) is seeking an outstanding individual serve 
In thi Chl Service poston in the Senior Exacutive Serve (SES). Salary range 
's $111,676 to $168,000 par year, depending on qualifications. n accion to 
Salary, career SES appointees are elgle to compete for performance awards 
and bonuses. 


‘Asa Department Head, the incumbent participates with oer top management 
officals in advising on matters concerning the policies and personnel ofthe science 
and technology program and in recommending tothe Chief of Naval Research the 
Scenic and technical contents ofan integrated science and techclogy program. 
In supporto he approved program and overall Office of Naval Reseach mission 
fequiremens, the incumbent manages an extensive Departmental research 

{and development program focused on te tegration of base research, appted 
esearch, and advance technology development nthe fils of sciace and 
technology such as computational neuascence, cognitive science, manpower, 
personne, traning, human factors, occupational and envenmental heath, medicne 
naval operations undersea, Marine Corps, surface, aerospace and combat! 
contingency medeine. The incumbent is responsible and accountable fr planning 
and executing the Department's program. Te incumbent: provides leadership 0 
and establishes the bond directo of the program: establishes the objectives, 
policies, and prioiies pertinent to the program oversees and ensures the effectve 
Accomplshment of he extensive acts ofthe Department's Dwisons: and 
‘ooidinales and cooperates wath otter Departments in working to achieve a fly 
Integrated science and techonoay program inte Ofc of Naval Research, 


For detaed infomation on qualifications and how to apply, applicants may 
ownload a copy of Announcement # NE7-ROK-4HE735G5-SES from De OWA web 


ste htp/rwwoncaey mite. Applications mast be received nthe OWR Human 
Resorees Ofc y Be Gee business Fray 15 June 2007, Appcatons wil 
ot be accepted that are emailed, faxed, or postmarked after the closing date 


US. CITIZENSHIP REQUIRED + AN EQUAL OPPORTUNITY EMPLOYER AND 
PROMOTES DIVERSITY IN THE WORKPLACE. « WOMEN AND MINORITIES 
‘ARE ENCOURAGED TO APPLY. 


BIOLOGIST 


The Samuel Lunenfeld Research Institute inv 
Rescarch Investigator position (assistant to full professor equivalent, 
according to experience). We are secking a biologist investigating 
fundamental questions of cell and developmental biology (areas of 
interest inchade neurobiology stem cell biology, and classic 
developmental biology) 


applications for a 


1-edge imaging technology or 
Function in the context of development are also 
sought. The successful candidate will have a PhD and/or MD degree 
with postdoctoral experience and a strong publication record. You will 
bbe expected to develop innovative and highly competitive independent 


The institute is afiiated with the Mount Sinai Hospital and University 
‘of Toronto and has diverse strengths in cell biology, developmental 
biology. biochemistry, and integrative biology, For more information 
about the institute, please refer to htte//wwwanshei.on.ea, This 
position will include cross-appo 


‘Pu entero pditeatoon and tee afer A 
‘ite petra by ema, by Septem 15 207.8 


Chair of the Cell and Developmental Search 
Samuel Lunenfeld Research Institute 
e-mail: CellDevSearch@mshrion.ca 


BE Samuel Lunenfeld 
HOSPITAL Research Institute 


ienceCareers.org 


mec| 


Post-Doctoral Scientist 


‘Applications are invited for a Post-Doctoral position in the group 
‘of Dr Phil Holiger. Our research focuses on the synthetic biology 
(of nucleic acid repiation (see PNAS (2001), 99, 8530: Nasure Biotechnol, 
(2004), 22,755). The aim ofthe project i to apply compartmentaization 
and selection strategies developed inthe laboratory to the evolution 
fof an efficent. general RNA polymerase ribozyme, ultimately capable 
of true sell-replication 
‘Applicants must have a PhO degree, and experience in recombinant 
[DNA technology. Experience in working with RNA. and in particular 
with aptamers, ribozymes and SELEX, will be considered a bonus. 
For further information about the post please contact Dr Phi Holliger, 
‘email ph1@mwre-Imb.camac.uk 
‘This & a ree:year appointment with a sary range of £24993 - £28214 
per annum, depending upon qualifications and experience. This 
supported by a flexible pay and reward policy. 30 days annual leave 
‘entitlement. an opcional MIRC final salary pension scheme and excelent 
fn site sports and social falites. 
For further information and an application pack, 
please contact the Recruitment Team by em: 

\mbridge recruitment @sse.mre.ac.uk oF telephone 
101793 301 154 quoting reference CAM 2007-329. 
Please inchide with your application a copy of your CV and 
ames and addresses of two referees who can be contacted 
prior to interview. 
‘Closing date: | July 2007, 
For further information about MRC visit www.mee.ac-uk 


Director of Microscopy 
Neuroscience Institute 
Stanford University 


(el ) 
we 

‘ay 
The Nese ina Sur Uniey (NS) 
ie leerraredinog enter ihoprg dian be 


The deal canddse woald havea PAD in Call biology or cecal 
Engiocring wih nt crphasis on Optical alysis 


2 photon and confocal microscopy including time-lapse live imaging, 
TEM and SEM microscopy on biological issues, Computational Ima; 
acquisition, processing and deconvolution, Storage and Acquisition of 
large datasets. The candidate would be responsible forthe day to day 
‘operations of the center the center’s operating budget, selecting and 
purchasing equipment for the center and interfacing with an optical 
Project engincer responsible for assembling microscope equipment. The 
‘candidate must be able to work both independently and in collaboration 
with diverse users, ranging from those secking microscopy services to 
those needing training: students, post-does, and technicians. Practical 
‘experience and knowledge in sample preparations, TEM and confocal 
microscopy and applications are important. Excellent verbal, written 
and interpersonal communication skills in English are essential, Some 
grant writing and preparation is required, 


Applicants should ask three references to send letters directly to the 
search committee: email: jwv a stanford.edu 


Dr. Mark Schnitzer, Dr, Stephen Smith and Dr. William Mobley 
1201 Welch Road 
P.O. Box S489 
Stanford, Ca 94305-5489 


FACULTY POSITION ANNOUNCEMENT 
Pollination Biologist 
University of California, Davis 
snology Department seeks applicants for a Pollination Biologist at 


TheEn 
the Assistant Professor level (20% AES research and outreach, 80% instruc- 
tion and research), We seek an outstanding applicant with a Ph.D. degree 
in entomology or related disciplines with experience and interest related to 
basic and applied entomology. The appointee will develop an extramurally 
funded research program on insect pollinators with emphasis on California 
agricultural systems pertinent tothe AES mission. The appointee is required 
to teach core curriculum courses, supervise graduate students, participate 
Jnoutreach programs, and perform University service. This position is part 
of an eight-positon recruitment under the new Agriculture Sustainability 
Institute Initiative, and the appointee will be expected to contribute 1 the 
{development of and tach inthe planned undergraduate major in sustainable 
agriculture. This appointment is available on or about January 1, 2008. 
Applicants must submit online at http:/secure-entomology.uedavis. 
edu/fac_receuiVlogin.cfm: curriculum vitae; statement of research and 
teaching interests; official transcripts, publication list, and reprints of key 
publications (up to three), and the names and addresses of at least three 
references. Inquiries should be addressed t: 
James Carey, Professor 
Entomology Search Committee Chair 
Entomology Department 
1367 Briggs Hall 
‘One Shields Avenue, Davis, CA 98616 
($30) 752-6217 
reareyi@ wedavis.ed 
Open until filled but to ensure consideration, applications must be received 
bby August 15, 2007. A more detailed job description can be obtained from 
the above address 
UC Davis isan Affirmative Aetion/Equal Employment Opportunity 
Emplover and ix dedicated to recruiting a diverse faculty 
community. We welcome all qualified applicants to apply. including 
women, minorities, veterans, and individuals with disabilities. 


TRAINING 


The European Membrane Biology Network (EMBN) presents its 
‘broad know-how in analysing membrane proteins to young scien 
tists from abroad organized by the Center for Membrane Proteomics 
cM) 

school takes place fron 
ofthe Johann Wolfgang! 


he Johann Wolfgang Goethe-University. The summer 
29" of September 2007 at the Biocenter 
jethe-University Frankfurt, Germ 


y 


a REA War Stan 
“Analysing Membrane Proteins: Methods and 
Approaches” 
24 - 29% of September 2007 
2 
x 
5 


I The event focuses on methods to analyse the biological, biophysi 

QL, cal. biochemical and structural properties of membrane proteins, 

fishy qualified MSc. students and PAD students are invited to 
register for participation. A limited number of fellowships covering 
travel and lodging expenses will be available. 


Further informations and online registration at www.emp.uni- 
frankfurtde 


Contact: 


Dr. Bernd Maertens 
(Center for Membrane Proteomics 
Max-von-der-Lave-Str 11 

Tel. +49-4069-798-29318 
BMacrtensé@em.uni- 
Frankfurtde 


‘Coordinator CMP 
University of Frankfurt 
60439 Frankfurt 

Fax +49-(0)69-798-29419 
www.emp.uni-frankfurt.de 


AWARDS 


2007 BBVA FOUNDATION 
fee = AVVARD FOR SCIENTIFIC 
RESEARCH IN ECOLOGY AND 
CONSERVATION BIOLOGY 


Recognizing particularly significant scientific advances of a theoretical, 
methodological and/or empirical nature achieved by researchers of any 
country in the fields of Ecology and/or Conservation Biology. 


ScienceCareers.org 


One award will be given, consisting of a €500,000 cash prize, a diploma 
and a commemorative artwork. 


The BBVA Foundation Awards include two other categories, for innovative 


Fundacion BBVA projects and knowledge dissemination in biodiversity conservation. 


Gran Via, 12 
48001 Bilbao 

Spain 

Fax: (34) 94 424 46 21 


Paseo de Recoletos, 10 


ea Madrid Deadline for entry submission: July 12, 2007 

pain 

Fax: (34) 91 374 34 44 Call conditions, spotcation forms and additional information 
convocatorias@fobva.es are available on the Foundation website: www.fbbva.es 


WORKSHOP! AWARDS 


(EMBO EMBL ano. 


fect Hamdan Hin Rasio AL Maktoum 
EMBO Workshop on Common Regulatory Ard lor Medal eines 
Mechanisms in Haemopoiesis and 


n 
ia 
z 
rrr) 
= 
rrr] 
re) 
z 
fo} 
z 
z 
< 
a 
z 
< 
n 
oO 
2 
= 
cfr 
ws 
= 


Neurogenesis Hamdan Award 
EMBL Heidelberg, Oct 3 - 5, 2007 for Medical Research Excellence 

Ligands and Receptors during Organogenesis Metal ot 

Signalling Mechanisms in Development and THERAPY IN MALIGNANCY 

Function 5 

MOLECULAR THERAPY IN 

Civomosorsem ard Gane Fopression DRUG TARGETING (PHARMACOGENOMICS) 

Communication between Haemopoietic and : 

Nervous System ORGAN & TISSUE TRANSPLANTATION, 
Confirmed Speakers: The prize amount ts AED three hundred thousand (AED 300,000) (Approx 
Ralf Adams George Kollias a esee to be mented epee eee 
Facundo Batista ReinaMebius The gene! sett plaid to ve docton searcher. uve 
Patrick Charnay \raMeliman, ‘research centres and medical scientific socketies throughout the world to submit 
Mark Coles Jeff Milbrandt la res nc 
‘Anne Eichmann Freddy Radtke 
Laura Fett Mart Sarma 
Richard Flavell Kirsi Sainio 
Rudi Grosschedl Victor Tybulewicz 
Frank Grosveld David Wilkinson 
Carlos Ibanez George Yancopoulos 
Rudiger Klein semen $ 


Registration and further into: 
|http://ewp.embo.org/w07- 
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BASIC SCIENCE FACULTY 
POSITIONS AVAILABLE 


Institute of Human Virology 
University of Maryland 
‘School of Medicine 
Baltimore, Maryland 

The Institute of Human Virology atthe Univer: 
sity of Maryland, Baltimore School of Medi 
cine (htpe//wwwcihs.org) is recruiting highly 
{qualitcd individuals with established research 
programs at ranks of tenure-track Assistant, 
‘Associate and Full Professor. Candidates with 
NIH (ROI andor PO) funded research programs 
with experts in one or more ofthe fllowing 
ar encourage to apply: cell biology, structural 
biology, basic immunology, or systems biology 
with nfeest in chronic human viral disease such 
ASHIIV-1- These programs will complement the 
exiting institute programs in molecular patho 
genesis innate immunity. vaccine development, 
8nd translational einical research that focus on 
chronic viral diseases, The Institut of Human 
Virology offers excelent laboratory facilities, 
competitive salary and startup packages, and 
feeess to numerous core faiiies mclading 
ate-oftheart BSL3 and ABSLS facilites im 

apily growing academic environment. The 
Ievelof appointment wil be commensurate w 
the candidate's experience 
Interested applicants are roqusted to forward a 
CV in pf format to: Chairperson, IHV Fac- 
tally Search Committee, institute of Human 
Virology, 725 W. Lombard Street, Baltimore, 
Maryland, 21201 

The University of Maryland, Baltimore x 

«an Equal Opportunity Affirmative Action 

Emplover 


INSTITUTE OF 
HUMAN VIROLOGY 


University of Maryland 
School of Medicine 
Baltimore, Maryland 


The Institute of Human Virology at the Uni 
versity of Maryland, Baltimore School of 
Medicine (http://www.ihv.org) is secking 
{oll atenure-track faculty position with 
an investigator with the ability to establish 
aan independent research program centering 
‘on the molecular biology virology of human 
papilloma virus and its interactions with 
host eel factors, especially those relevant 
tocancer. The successful candidate will have 
‘a demonstrable track record of relevant pub- 
lications in peer-reviewed journals and of 
attracting poer-reviewed furing, preferably 
related to cancer. The level of appointment 
will be commensurate with the candidate's 
experience. 


Interested applicants are requested to for- 
‘ward a CV in pa format to: 
Chairperson 
IHY Faculty Search Committee 
Institute of Human Virology 
725 W. Lombard Street 
Baltimore, Maryland, 21201 


The University of Marsland, Baltimore i 
‘an Equal Opportunity Afirmative Acton 
Employer 
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century of health peofesions education. The Univer- 
‘Sy mono: To Make Man Whole, combined with dhe 
mission of continuing the teaching and healing min- 
istry of Jesus Chest, i the foundation ofall programs 

“The Department of Pharmaceutical Sciences f com 
mitted to educating competent pharmacists who are 
Critical thinkers and understand and employ founda: 
tional biomedical knowledge in rational, therapeutic 
decision making informed by Christian values of caring 


(CHAIR, DEPARTMENT of 
PHARMACEUTICAL SCIENCES 

The successful applicant will be responsible f 
starting a graduate program; recruiting, developing, 
and mentoring faculty, providing oversight of de 
ppartmental actvitics; and managing Department re 
Sources. The Chair will provide vison and leadership 
in the facilitation of scholarship, integration within 
the pharmaccutical sciences curriculum, and faculty 
servke. The Chair will abo work closely with other 
School and University leaders” implementation and 
ascsament of the Pharm.D. curriculum, Qualifica 

ons inchide a Ph.D. in the pharmaccutical sciences 
‘or a related chemistry biology fickd and current ap 
‘ointment ar the PROFESSOR or ASSOCIATE 
PROFESSOR level. Candidates should have a track 
recond of excellence in teaching, leadership, escarch, 
find acakemic serie 

FACULTY, MEDICINAL CHEMISTRY 

Full-time (12-month) faculy position in medic 
nal chemistry is avaible at the ASSISTANT oF 
ASSOCIATE PROFESSOR level. A Ph.D. in the 
respective discipline is required, Preference will be 
igen to candidates having a pharmacy background 
nd two or more years of experience in academics 
and pharmuccurical esearch, Suxccesfl carainlates will 
develop appropriate pharmaceutical science lectures, 
guide and menor both Pharm.D. and graduate st 
‘dents, initiate rexarch programs, and develop col 
laboration where possible within and outside LLU. 

Loma Linda University is located in a quict 
suburban neighborhood in the Inland Empire e 
‘of Los Angeles. The vast resources of the area pra 
vide a wide varicty of cultural, education, shopping 
And recreational opportunitics 

E-mail your curnculum vitae in PDE or MS. 
‘Word format to e-mail: dyacger@llu.edu, 


URBAN INSECT ECOLOGIST 
Mlinois Natural History Survey 
Urban Insect Ecologist, at the level of ASSIST: 
ANT PROFESSIONAL SCIENTIST. Develop 
land conduct research peogram that foarses on in 
‘sects in terrestrial urban ecosystems, Requires Ph.D, 
in entomology or related discipline. Responsbilitcs: 
develop vigorous, externally funded research pro- 
‘gram publish rescarch findings in scientific journals, 
‘work with cities, state and federal agencies, and Uni 
verity of Mlinots. Hlinois Natural History Survey is 
part of the llisois Department of Natural Resources 
And an affilited agency of the University of Iinois 
at Urbana-Champaign. To apply scad cover letter, 
curriculum vitac, statement of research interests, 
nd contact information for three references to 
Human Resources Office, e-mail: hrofficet@inhs. 
uuiuc.edu (electronic applications required). Posi 
tion reference #1495, 217-244-4592, 
fax: 217-333-4949. Dealline: July 31, 2007. For ap 
ation requirements and complete position descrip 
/ewew dinhs.uive-ed 
on: i 


“The Beckman Insitute Biological Imaging Center 
at Calfornia Insitute of Technology has a SENIOR 
SCIENTIST position available to investigate appli- 
cations of advanced imaging methodologics. in 
developmental biology and neurodegencratve dis- 
‘ease studies. Individual with at least four years of 
‘experience in small animal model systems are 2 
‘couraged to apply. Send curriculum vitae to Ms. K. 
Hilands M/C 139-74, 1200 E. California 
Boulevard, Pasadena, CA 91125. 


ASSISTANT/ASSOCIATE PROFESSOR 
Neurophysiology 

The College of Veterinary Medicine at 
North Carolin State Univer in Raleigh, North 
Creina, announces tenure-track ficlty on 
‘ion in ncurophytology with an inital appoint 
sent a 70 percent rescarch, 20 t0 30 percent 
teaching, and zero to ten percent Service 
Sepending. upon entering rank, APD, in 
neurophysiology or a relevant ncuroricnce 


a. Candidates alo haning. 4 

Mo teaching epics in erin 
Pir 'To view the fll wcangy announcement, 
{Nh position responsibites and adliional 
requirements, and 


‘apply, please sist our 
ite: Tau jte md find search by 
posse ipjficiions are cur 
Tently being accepted and the position wil be 
‘open util Augest 15, 2007, of until a suable 
insite is enied. Questions about the 
postion can be directed to: Dr Lola Hudson, 
‘Search Committee Chair, College of Vet 

cfinary Medicine, North Carolina State Uni- 
Seruiy, 4700 Hilsborough Stree Rligh, 
NC 27606, e-mail: ola hudson@nemcdu, 
Afimctve Acton tual Oppornnty ply bh 
‘ition, NC Sie Uniettytelawer a penons 
iho sd to sex ten For hoe fr 
ik wih dies pitt atvimedaten plows 


RESEARCH ASSISTANT PROFESSOR 
Position available August 16, 2007, in the Depart 

argical Oncology at the University of Minols 
at Chicago to work on anticancer activity of bacterial 
fexdox proteins, Eapericnce required in gene cloning, 
protein purification, animal handling, mammalian ell 
Kenetis, preclinical pharmacology’ and pharmaco Bi 
Betics, ant cancer call biology, evidencall by: publica 
tion in intemational journals, Required Ph.D, degree 
fn microbiology, molecular biology, oe bioshemistry 
Saliry commensurate with qualifations andl expe 
fence. Only selected applicants will be contacted for 
further correspond nce: If interested, send curriculum 
vitae with names of thre references by July 2, 2007, 
fo Tanya Eitzenhoefer, University of Ilinois at 

of Surgical Oncology at ema 

tanyal@uiccedu. Afinaice Aion’ Equal Oppomnity 
Employer, 


RESEARCH ASSISTANT PROFESSOR 
‘Lung and Vascular Biology 
Research Assistant Profesor postion to study 
mechanisms of endothelial repair, vascular inflamma: 
tion, and pulmonary diseases, Candidates mast ha 
Ph.D./MLD, with eatensive experience in studying. 
the pathophysiology of lung andor vascular diseases 
with genetically modified mouse models or in endo 
thelial progenitor ells/stem cell research, Successful 
‘candidate with an excellent publication recon mit 
tbe a US. citizen or permanent resident, Send cut 
Fculum vitse to: De. Youyang Zhao, Department 
‘of Pharmacology, University of Illinois at Chica- 
‘go, 835 §, Wolott, Chicago, IL 60612, E-mai 
jcedu, UIC i an Afirmatve Adio Ege 
Oppornnty Employer 


POSTDOCTORAL POSITION & assilble 10 
seuy malaria purate cytondherence and host cell 
Semling, SKIS required incinde prot expres 
Nd puntication, RNA imerferenge (RNA) studs 
with retrial shor hairpin RNA\, electrophoretic 
Imobiley shift asans, Chromatin immunopres 
tation asuss, ct cetera, Send curiulum ae f 
Dr. D.C. Gowda, Biochemistry and. Molecular 
Biology, Pennsylvania State University College 
fof Medicine, Hershey, Pennsylvania, at email 
fowda@pruceda. Pevuyinnie Site Univosdy i 
SSoaad o cAfimaive Asi, Eul Opty, alto 
th dey of io et foe 


www sciencecareers.org 


POSITIONS i 


‘VICE PRESIDENT/CHIEF, RESEARCH, 
(Centre for Addiction and Mental Health (CAMH) 
As a workd-Keading research facility, community 
‘based organization, and education training intieute, 
Centre for Addiction and Mental Health (CAMH) 
[provides a unique combination of peograms i clinical 
care, research, policy, education, and health promo: 
tion! Fully afitated with the University of Toronto, 
Canada’s largest and. most prestigious research: 
intensive university, CAMH is one of the few inst 
tutions worldwide with deep expertise in all four 
‘major areas of mental health and auidictons research 
biomedical, clinical health systems and services, and 

population/public health, 

Ti addition to assuming responsibilty for the ex 
‘cutive oversight of the Program and its team of 700 
(indhuding principal investigators, research support 
stall, students, and volunteers), the Vice President/ 
Chief, Rescarch will lead in developing a strategy 
to adress the positioning of CAMH Research with: 
in the changing landscape of the provincial health 

"As an intemational leader, CAMH secks, for this 
position, an outstanding scientist of considerable stat 
lire, A unique combination of qualifications is re 
‘quired: scientific leadership ability, an eaceptional 
track recon of scientific achievement and inte 
national recognition, a rescarch philosophy that is 
rooted in clinial community practice, and the ability 
to work in a complex environment. ‘The successful 
candidate will demonstrate disciplinary breadth, a 
Fecord of accomplishments in translational/smul 
tidisciplinary research, and experience in leading. 
change, S/he will poses an ALD. oF equivalent, 
substantial nical experience, and/or a Ph.D. in 
relevant area. S/he will be qualified for appointment 
at the ASSOCIATE or FULL PROFESSOR level 

Applications will be accepted immediately and will 
bee reviewed on a continuing basis, with the Search 
‘Commitee’ cundidates beginning, 
in mid July. [nformation requests and applications 
which must include a letter of interes, curriculum 
‘vitae, and the names of and contact information for 
three referees, should be e-mailed to e-mail: helen. 
-xue@rayberndtson.ca. 

CAMH and the Univenity of 


are strony om 


trekome apliaon fr 


ible minority rp membe, 
ema with deshiines, members 
‘of extl minonty rou, an then wt 
Thier verification of ew. AM qualified pens are em 
‘ounged 18 apply; however, Canadas and permanent 
‘de of Gan wl be gen potty 


women, Angina. 


the 


POSTDOCTORAL RESEARCH POSITION 

BioProtection Systems Corporation has an imme 

slate opening for 4 Postdoctoral scientist to develop 
and implement cell-ba 


virus-like particles) would bea plus, Competitive 
andidates will be US. citizens or citizens of one of 
the 26 permanent NATO member countris. Bio 
Proteetion Systems Corporation located in the 
Towa State University Research Park in Ames, low 
We are focused on the development of prophylactic 
and therapeutic vaccines for high: peiority agents and 
‘emerging infectious pathogens. Please send currics 
lum vitae to email: credentials@bpsys.net. 


CAREER OPPORTUNITY 

This unique program offers the candidate with an 
sarned Doctorate in the life sciences the opportunity 
to obtain the Doctor of Optometry (O.D.) degree in 
27 months (beginning in March of each year) 
Employment opportunities exist in research, educs 
tion, industry, and private practice. Contact the 
Admissions Office, telephone: 800-824-5526 ar 
the New England College 


(CLINICAL PATHOLOGIST/ 
MICKOBIOLOGIST 
or CLINICAL LABORATORY SCIENTIST 
Sciences (CLS) Program 
ot the Be 


‘The Clinical Labora 


Tas an opening Tor a full-time tenure-track faculty 
position at the kvel of ASSISTANT PROFESSOR, 
With research and teaching interests in the arca of 
nical microbiology’ bactenal pathogenesis and CLS 
and will begin with the fll 2007 semester. The po- 
‘ition will joan an established bacterial pathogenesis 
‘research group at the Boise Veterans Administration 
Medical Center in Besse. The ISU CLS Program fic 
ulty offer coursework and rescarch-related courses 
both on campus and online at the undergraduate 
and graduate levels, interact with faculy at affliated 
clinical sites, and have a strong commitment to stu 
ident mentoring. The successful candidate will con: 
tmibute to rescarch/scholarly activity resulting in 
grants and publications in the area of tucteral host 
pathogen interactions, each CLS-rdated courses; and 
provide peofessional and University service, The 
position requires a Ph.D. of MLD. in clinica pathol 
‘ogy, microbiology, of related fidd. In aiition 

ist have. Medkal Technology (American Society 

‘Clinical Pathology) or CLS (National Creden 


tialing Agency for Laboratory Personnel) or equiv 


alent certification, oF acquire such certification prior 
to tenure. The Department of Biological Sciences & 
or the CLS Pro- 


‘Candidates should 
more than three topti 
interests and goals, a teaching philosophy statement, 
and contact information for three references 
Wwanded to: CLS Search Committee, Department of 
Biological Sciences, Idaho State University, 921 
South 8th Avenue, Mail Stop $007, Pocatello, ID. 
1209-8007. 
Screcning of applicants will begin June 1, 200; 
and continue untd the position 1s filed, ISU is a 
[igual Oppomaty Enmplyer and wehomcs aps 


omen and minor. 


HIV TRANSMISSION and PROPHYLAXIS 

POSTDOCTORAL POSITION (DVM. ?h.D., 
and/or MLD.) in the Laboratory of Dr. J. Vicor 
Garcia to sudy natural routes of HIV transminson, 
microbiddes. and. pre-caposure_ prophyiasi us 
Sate-ofthe-art humanized mouse mods (Nat 
Med. 12:136-22,, 2000, Journal of Experimental 
Meicine 204(4):705-14, 2007). Faience with 

man atm cel immmunoxcficint mouse maxich 
Thuman hcmatoposcas and/or molecaar biology 
HIV is cacntal for this postion. Flow cytometry 
fapetience and experince with bone marrow tans 
plintation i highly desirable. Strong writen and 
‘erbalcommunication sls in English are required 

Sool bance of imcres, corffiust vast sn 
names of thee references to Ms. Deborah Solomon, 
-mail:_deborah.solomon@utsouthwestern.edt, 
University of Texas Southwestern, Division of 
Infectious Dice, $333 Hany Hine Boule 
‘ard, Dallas, TX 7390-911 ray of Tx 
Suton Mal Cnt ot Dasa Epa Opprenty 
Aimare Aeon Egy 


POSTDOCTORAL POSITION is available at 
the University of Nebraska, Lincoln, in the arca of 
redox biology /biochemistry bioinformatics with 
‘emphasis on mechanisms of redox regulation, func 
tional characterization of sclenium-containing. pro 
teins, bioinformatics and functional genomics of 
thiol dependent redox proteins and processes, and 
thar roles in cancer and aging. Additional information 


isat website: p://genomiceunl-edu/gladeshev. 
To apply scad cornicalum vie, cover Etter 
intrest, an names of three erences 
Gladyshev at e-mail: vgladyshev] @unl 
Unevy of Acbwhe, Lisrk, 6 an Epa C 
Afvmatre Adon Engle 
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POSTDOCTORAL RESEARCHER POST- 
‘TION te arastke enmedny atthe Lonistna State 
vent Heath Scien Canter, Sool of Msn 
New Orica, Lousiana, APD. in he Bil of io. 
‘Shemtery, molecular or ear biology, ora related 
scence eld required The recarch fol indies, 
‘ivecting ubiguiinemedared regulation of el 
‘Seison The candi wl 


genetics system, such as Drowpila, is desirable, but 
fot required. The successful candidate will join a 
new iboratory in the Department of Biochemistry 
ad Moeeala Bony that oe tong mentoring 
nd competitive alanics commensurate with reseat 


axperience. Please e-mail your curriukim vitac, 
along with contact information for three references, 
to: Dr, Edward Wojcik (e-mail: ewojci@lsuhsc. 
{lu}, Department of Siociemsty aad Molecular 
Biology, Lousiana State Univertty Heath i 
‘ences Center, 1901 Perdido Street, New Orleans, 
LA 70112, LSLHSC ian Esa! Oppornenty/Ainatine 
Aion Employer 


POSTDOCTORAL POSITION sabe imme 
diately to jin a molecular cardiology laboratory at 
the Ohio State University in Columbus, Ohio, Re 
search i focised on understanding cakiim trap 
in cand muse using genetically sre rue mest 
‘ck (website: hup://medicineasu.cd/physiology/ 
S484.cim), A THD, with minimum of two years of 
‘apericnce in molecular biology, biochemistry, and 
‘andiac clectrophysology is preferred, Mae 


Eapad Opponunny/ABinative Aaion Enmpyer Qudified 
samen, minis, Veoanert veto, dll ees, wd 
‘nara wa shines a cuca to apy 


MARKETPLACE 


MEETINGS 


MicroRNAs EUROPE 2007 
‘November 1-2, 2007 
University of Cambridge, Cambridge, UK 
Inaugural: 

Nobel Laureate Aaron Kiug (VRC) 
Keynotes: David Baulcombe (UCambridge) 
Keith McCullagh (Santaris Pharma) 


EPIGENOMICS and SEQUENCING 
July 9-40, 2007 
NRB-Harvard Medical, Boston, USA 
Keynotes: Manuel Estelier (CNIO. Spain) 


For details: call: 001-781-891-8181 or 
Visit: http:iwww.expressgenes.com 


s, Spacers, & Moc 
"¥ Bulk Reagent Pricing Available 
BIOSEARCH —+1.800.GENOME.1 


ECHNOLOSTES yu tyhesicom, 


—= 
Us Pat #5426,149 wemall abpapumn com 
Col: Ab Peptides 1000830500367 
Fox 314896008988 _wwrmabpeps.com 
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New PRoDUuCTS, SERVICES, AND SOLUTIONS 


LEADING PROVIDER OF HBV AND HCV. 
REAGENTS FOR RESEARCH 


9 ~ ‘AND DIAGNOSTIC APPLICATIONS 


VIROGEN 


IMMUNOHISTOCHEMICAL DETECTION OF GLUTATHIONE 


Whole blood cells stained with 
ant-Glutathione monoclonal 
antibody, 201-4 

DETECT CYSTEINYLATION OF PROTEINS WITH 
102-A MONOCLONAL ANTIBODY! 


Heart staining with ant Glutathione 
‘monocloral antibody, 101-4, 


Red lod Ces stained wth ant<yatelne 


Red Blood Cells talned with anti <ystene 
‘monoclonal antibody 102 


Morea onion S04 pero 
200 Dexter Avenue, Watertown MA 02472 USA 

tel: (617) 926-9167 | fax: (617) 926-9157 
order online for fast delivery: www.virogen.com 


microRNA 
Microarray Service 


Comprehensive Service 
From your sample to fully analyzed microarray data. 


The Most Current Sequi 
All species, Sanger miRBase Ve 


Content 
BD (May 2007) 


fechnology 
land reliable data. 


pParaflo™ Microfluidic 
Probes optimized, highly reprod 


Customizable Sequ it 
Test your microRNA pr if extra cost. 


www.Icsciences.com 


Anyone can freeze mouse sperm. 
We can actually recove! 


erm Cryopreservation 


oper ee 2 


@ Traditional Method 
BB Ax" Method 


setessess 


Percent of oocytes fertilized 
cell embry 


C57BL/6} BALB/c) FYB/N) 
Strain 


ur scientists have developed innovative methods which 
make the cryopreservation and recovery of mouse sperm 


2 


1-800-422- MICE, 1-207-288-5845 or jaxservices@jaxorg_ 


a practical, reliable and cost-effective colony 
management tool 


To learn more: 


1X" Sperm Cryopraservation & Recovery Services 
ver janorg/serdces 
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| —eCustom Services 

‘Gomom Peptige ates 
| Nucleic Acids Isolation « Puntication 
|——® Restriction Endonucleases 
[———® DNA Molecular Weight Markers 
|-—*PCR-Related Products 
[-——*RNA-Related Products 
| —* Protein-Related Products 


[}-—®SBS PreMix Series éany00" Por Pek 
Enny Go" RT Prob, Eary-Go™ RT-PCR Pro 


[——® GoldView™ Nucleic Acid Stain 
~An alternative to EB 


HOSLANAD SES 


[——* Biochemicals, Microtubes s Tips 


Tel:+86-10-62969345,+86-10-62969346 Fax:+86-10-82784290 


What if staying up to date with the 
latest technology published in journals 
and patents were as easy 
as pushing a button? 


It is. 


With the “Keep Me Posted” a g feature, SciFinder sends you 
automatic updates on areas you—and your competitors—are interested in. 


You can mi nd choose 


F specific research topies, companie 
how frequently you receive notifications: daily, monthly, or weekly. 

‘The service isn’t just convenient, it’s incredibly current. Journal article records ofte 
Jer before they're even in print. New refer 
Patents from all the major offices are added within two days of issuance. 

As with all SciFinder features, Keep Me Posted is integrated with your workflow, At any point in a 
search (including the beginning), simply click on the Keep Me Posted button. SciFinder tracks your 
steps and will generate the appropriate alert—even for complex topics. When you receive a 
notification, you can follow each reference as you would in a search: find citing or cited articles (with 
links to the electronic full text), and follow referenced substances and reactions for further informatio 
Comprehi inder doesn’t just alert you, it’s part of the process. 
dd out m (North America) or 614-447-3700 (worldwide) or vis 
wwncas.ory/ 


authors, substances, or sequence 


pear in 
1 sequences are added daily 


ices, substanc 


sive, intuitive, seamless—S\ 


e, call us 


FIND! 


SciFinder’ 


Part of the process’ 


ees) A division of the American Chemical Society. SciFinder is a registered trademark 
of the American Chemical Society. “Part of the process” is a trademark of the American Chemical Society, 
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IDT continues to push the boundaries of DNA synthesis quality and performance. By leveraging 
our industry-leading synthesis platform and chemistry, we now offer the custom synthesis of 

Ultramers™; 60-200 base DNA oligos suitable for demanding applications such as cloning and gene construction 
for use as synthetic template. Save time and trouble with direct synthesis of the entire target fragment! 


To maintain our commitment to high quality, a proprietary LC-MS method has also been developed to 
provide accurate mass assessment for Ultramers™. As always, this service is offered free of 
charge for each oligo with all data accessible online. 


Ultramers specifications: 
‘+ 60 to 200 DNA bases 
* Delivered normalized (3 nanomoles) and lyophilized in tubes 
* Ideal for gene construction, cloning and ddRNAI 
+ PAGE purification and plate synthesis options also available 


Go to www.idtdna.com/ultramers for more information. 
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INTEGRATED DNA 
TECHNOLOGIES www.idtdna.com 800.328.2661 
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